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Editorial on the Research Topic
Advances in Terahertz Detection and Imaging

Terahertz waves have many unique properties and show great potential for both fundamental
scientific research and applications in various fields, such as astronomy, communication,
biomedicine, and security inspection [1-3]. Terahertz detection is a process of converting
terahertz signal into a measurable electrical signal. It can be used to obtain the amplitude,
phase, spectroscopic, temporal, or polarization information of the THz signal, which may reveal
rich physical phenomena about the interaction of terahertz waves with matter. Effective detection of
terahertz signal is crucial for realizing real-world applications of terahertz technology, especially for
the passive techniques [4]. Terahertz waves show good capability of penetration through objects
which are usually opaque to infrared and visible light, and their appropriate wavelengths may yield a
higher spatial resolution than microwave. Many organic substances exhibit fingerprint absorption
spectra in this frequency range, enabling identification of different materials. Therefore, imaging with
terahertz waves allows one to see through an object with millimeter- or submillimeter-scale
resolution and even spatially resolve its chemical composition [5, 6]. Nowadays, terahertz
detection and imaging are two fundamental and hot topics in the area of terahertz science and
technology, and a series of significant advances have emerged in recent years.

Limited by the cut-off frequency of conventional electronic devices and the relatively large
bandgap of conventional photonic devices, detection of terahertz waves at room temperature (RT) is
still a challenge. For terahertz detection, the underlying mechanisms can be generally classified into
three categories: thermal effect, electronic effect and photonic effect. Thermal detectors, relying on
the temperature change of the photoactive materials induced by the incident radiation, have a
broadband photoresponse (theoretically covering the entire terahertz range). Bolometers are the
most widely used thermal detectors and their focal-plane arrays have been commercially available. At
cryogenic temperatures, bolometers show very high sensitivities, with noise-equivalent power (NEP)
levels on the order of fW/+/Hz or below, and have been successfully applied to astronomical
observation and personnel screening [4, 7]. Thermal response is usually slow (of about milliseconds).
However, the hot-carrier assisted photothermoelectric effect occurring in graphene is an exception,
which is capable of reaching the picosecond level [8]. Electronic detectors, relying on the interaction
of terahertz waves with the collective motion of electrons or induces an electron transition (across a
potential barrier) [9], have a fast response but low-frequency operation (typically below 1 THz).
Photonic detectors, relying on the generation of electron-hole pairs in narrow bandgap
semiconductors upon terahertz photoexcitation, usually require cryogenic cooling to reduce the
background thermal noise. Nevertheless, after years of development, exciting progress has been
achieved in terahertz detection techniques [9, 10]. Benefiting from novel photoactive materials,
optimized device structure design and refined fabrication process, terahertz detector performances,
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in term of sensitivity, speed, bandwidth, working temperature
and integrability, have been remarkably improved.

Since the first demonstration of terahertz transmission
imaging based on a time-domain spectroscopy (TDS) system
[11], different modalities have been proposed to achieve better
imaging performance or to provide new physical information for
understanding of light-matter interactions at terahertz
frequencies. The spatial resolution of conventional terahertz
imaging is on the order of terahertz wavelength, limited by
diffraction. Using near-field technique [12] or sub-diffraction
optics [13], imaging with subwavelength resolution becomes
viable. From pixel-by-pixel scanning to real-time 2D imaging,
faster image acquisition can be realized with the advent of focal
plane array detectors [14, 15] and computational imaging based
on a single-pixel detector [16, 17]. Broadband pulses, frequency-
tunable continuous-wave sources or frequency combs enables
spectroscopic or hyperspectral imaging, which is appealing for
acquiring both the structure and composition information of the
object from multiple spectral bands [5, 18, 19]. When combining
the techniques of interferometeric, holographic or self-mixing,
phase images can be measured or reconstructed to reveal the
terahertz wave front and the object depth information
quantitatively [20-23]. In addition, imaging systems for radar,
personnel screening and non-destructive evaluation applications
have been well established and some even become commercially
available.

Through this Research Topic, we aim to present the research
advances in terms of new mechanisms, technical improvements,
functional devices, and signal processing methods developed for
terahertz detection and imaging. The first sub-topical area of this
topic is terahertz detection, which serves as a basis of terahertz
science and technology. Terahertz quantum-well photodetectors
(QWP) have high sensitivity and fast response. In the article by
Shao et al. the authors describes QWP theory and review the
research progress for imaging and communication applications.
In the work by Bai et al. QWP is integrated with a light-emitting
diode to upconvert terahertz radiation into near infrared
emission for broadband upconversion terahertz detection and
pixelless imaging. Hou et al. present theoretical studies on the
neon glow discharge characteristics and the interaction between
the discharge plasma with terahertz waves so as to develop low
cost, RT operation and user-friendly detectors. Photoactive
materials are vital for RT terahertz bolometers. Jiang et al.
report that the Nbs;Ng thin film coupled with a radio
frequency choke-enhanced dipole antenna enables a pW/+/Hz
level NEP and a response time below 10 ps. Photoconductive
antennas (PCAs) are widely used detectors in TDS systems. By
fabricating a PCA array with a special substrate micromachining
process to eliminate the reverse current between adjacent
antenna, Shi et al. report an enhanced synthesis efficiency.

REFERENCES

1. Tonouchi M. Cutting-Edge Terahertz Technology. Nat Photon (2007) 1:
97-105. doi:10.1038/nphoton.2007.3

Editorial: Terahertz Detection and Imaging

Layered MoS2 crystals are promising materials for novel
optoelectronic devices. Using optical pump-terahertz probe
technique—a powerful tool for investigating the ultrafast
process in semiconductors, Yang et al. present a study on their
photo-generated carrier dynamics.

As for terahertz imaging, Zhang et al. report the non-contact
and non-invasive characterization of Chinese lacquerware by
terahertz reflection imaging. The layer structures of a lacquer-
covered ornamental wood panel are clearly resolved by the time-
of-flight of terahertz pulses. Wang et al. report the spatiotemporal
distribution measurement of terahertz wave generated from two-
color-induced plasma by focal plane imaging, allowing one to
fully understand the characteristics of terahertz emission from
plasma. To improve the terahertz image quality for
nondestructive testing of composite materials, Li et al. propose
an image enhancement method based on wavelet unsharp
masking and guided filtering. Experimental results show that
different types of defects can be accurately identified using this
method. For self-mixing imaging by quantum cascade laser
(QCL), interferometric signal extraction and analysis plays a
key role. Ge et al. present a theoretical model to study the
self-mixing interference in complex coupled distributed
feedback THz QCLs, which is valuable for further
development of terahertz self-mixing imaging technique.

In detection and imaging systems, functional devices play an
important role in manipulating terahertz waves. Liu et al. report a
flexible broadband terahertz modulator based on a strain-
sensitive MXene film. Under a stretching force, the device can
efficiently  change  terahertz  transmission  amplitude.
Furthermore, a sensitive terahertz intensity change
measurement is desirable for a sensor. Wang et al. design a
composite device consisting of a carbon nanotube metasurface
and a microfluidic channel to monitor the refractive index of the
analyte with a high sensitivity for biological and chemical sensing
applications. Besides amplitude modulation, polarization control
also deserves special attention. Wang et al. propose an
electronically tunable graphene composite metasurface to
actively control the terahertz wave polarization state. By
changing the chemical potential of graphene, they achieved the
interconversion among linear, circular and elliptical polarizations
of the THz signal. Wang et al. investigates the focusing and
dispersive properties of circularly polarized terahertz vortex
beams, which is promising for the applications in terahertz
imaging and microscopy.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

2. Dhillon SS, Vitiello MS, Linfield EH, Davies AG, Hoffmann MC, Booske J,
et al. The 2017 Terahertz Science and Technology Roadmap. ] Phys D Appl
Phys (2017) 50:043001. doi:10.1088/1361-6463/50/4/043001

3. LuX, Venkatesh S, Saeidi H. A Review on Applications of Integrated Terahertz
Systems. China Commun (2021) 18:175-201. doi:10.23919/JCC.2021.05.011

Frontiers in Physics | www.frontiersin.org

February 2022 | Volume 10 | Article 855623


https://www.frontiersin.org/articles/10.3389/fphy.2021.751018/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.774524/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.751335/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.768192/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.751128/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.764122/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.751205/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.768186/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.750588/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.744286/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.670972/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.749501/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.751026/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.736831/full
https://doi.org/10.1038/nphoton.2007.3
https://doi.org/10.1088/1361-6463/50/4/043001
https://doi.org/10.23919/JCC.2021.05.011
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Chen et al.

10.

11.

12.

13.

14.

15.

16.

17.

. Grossman E, Dietlein C, Ala-Laurinaho J, Leivo M, Gronberg L, Gronholm M,

et al. Passive Terahertz Camera for Standoff Security Screening. Appl Opt
(2010) 49:E106-20. doi:10.1364/A0.49.00E106

. Kawase K, Ogawa Y, Watanabe Y, Inoue H. Non-Destructive Terahertz

Imaging of Illicit Drugs Using Spectral Fingerprints. Opt Express (2003) 11:
2549-54. doi:10.1364/0OE.11.002549

. Mittleman DM. Twenty Years of Terahertz Imaging [Invited]. Opt Express

(2018) 26:9417-31. doi:10.1364/0OE.26.009417

. Siegel PH. THz Instruments for Space. IEEE Trans Antennas Propagat (2007)

55:2957-65. doi:10.1109/TAP.2007.908557

. Cai X, Sushkov AB, Suess RJ, Jadidi MM, Jenkins GS, Nyakiti LO, et al.

Sensitive Room-Temperature Terahertz Detection via the Photothermoelectric
Effect in Graphene. Nat Nanotech (2014) 9:814-9. doi:10.1038/NNANO.
2014.182

. Lewis RA. A Review of Terahertz Detectors. ] Phys D Appl Phys (2019) 52:

433001. doi:10.1088/1361-6463/ab31d5

Rogalski A, Sizov F. Terahertz Detectors and Focal Plane Arrays. Opto-electron
Rev (2011) 19:346-404. doi:10.2478/s11772-011-0033-3

Hu BB, Nuss MC. Imaging with Terahertz Waves. Opt Lett (1995) 20:1716-8.
doi:10.1364/0L.20.001716

Cocker TL, Jelic V, Hillenbrand R, Hegmann FA. Nanoscale Terahertz
Scanning Probe Microscopy. Nat Photon (2021) 15:558-69. doi:10.1038/
$41566-021-00835-6

Zhao F, Li Z, Dai X, Liao X, Li S, Cao J, et al. Broadband Achromatic Sub-
Diffraction Focusing by an Amplitude-Modulated Terahertz Metalens. Adv
Opt Mater. (2020) 8:2000842. doi:10.1002/adom.202000842

Lee AW, Hu Q. Real-Time, Continuous-Wave Terahertz Imaging by Use of a
Microbolometer Focal-Plane Array. Opt Lett (2005) 30:2563-5. doi:10.1364/
OL.30.002563

Guerboukha H, Nallappan K, Skorobogatiy M. Toward Real-Time Terahertz
Imaging. Adv Opt Photon (2018) 10:843-938. doi:10.1364/A0OP.10.000843
Chan WL, Charan K, Takhar D, Kelly KF, Baraniuk RG, Mittleman DM. A
Single-Pixel Terahertz Imaging System Based on Compressed Sensing. Appl
Phys Lett (2008) 93:121105. doi:10.1063/1.2989126

Stantchev RI, Yu X, Blu T, Pickwell-MacPherson E. Real-Time Terahertz
Imaging with a Single-Pixel Detector. Nat Commun (2020) 11:1-8. doi:10.
1038/s41467-020-16370-x

Editorial: Terahertz Detection and Imaging

18. Bandyopadhyay A, Sengupta A. A Review of the Concept, Applications and
Implementation Issues of Terahertz Spectral Imaging Technique. IETE Tech
Rev (2021) 38:1-19. doi:10.1080/02564602.2020.1865844

19. Sterczewski LA, Westberg J, Yang Y, Burghoff D, Reno J, Hu Q, et al. Terahertz
Hyperspectral Imaging with Dual Chip-Scale Combs. Optica (2019) 6:766-71.
doi:10.1364/OPTICA.6.000766

20. Wang Y, Zhao Z, Chen Z, Zhang L, Kang K, Deng J. Continuous-Wave
Terahertz Phase Imaging Using a Far-Infrared Laser Interferometer. Appl Opt
(2011) 50:6452-60. doi:10.1364/A0.50.006452

21. Petrov NV, Kulya MS, Tsypkin AN, Bespalov VG, Gorodetsky A. Application
of Terahertz Pulse Time-Domain Holography for Phase Imaging. IEEE Trans
Thz Sci Technol (2016) 6:464-72. doi:10.1109/TTHZ.2016.2530938

22. Wang X, Xiong W, Sun W, Zhang Y. Coaxial Waveguide Mode Reconstruction
and Analysis with THz Digital Holography. Opt Express (2012) 20:7706-15.
doi:10.1364/0E.20.007706

23. Dean P, Valavanis A, Keeley J, Bertling K, Leng Lim Y, Alhathlool R, et al.
Coherent Three-Dimensional Terahertz Imaging through Self-Mixing in a
Quantum cascade Laser. Appl Phys Lett (2013) 103:181112. doi:10.1063/1.
4827886

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Wang, Wang and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physics | www.frontiersin.org

February 2022 | Volume 10 | Article 855623


https://doi.org/10.1364/AO.49.00E106
https://doi.org/10.1364/OE.11.002549
https://doi.org/10.1364/OE.26.009417
https://doi.org/10.1109/TAP.2007.908557
https://doi.org/10.1038/NNANO.2014.182
https://doi.org/10.1038/NNANO.2014.182
https://doi.org/10.1088/1361-6463/ab31d5
https://doi.org/10.2478/s11772-011-0033-3
https://doi.org/10.1364/OL.20.001716
https://doi.org/10.1038/s41566-021-00835-6
https://doi.org/10.1038/s41566-021-00835-6
https://doi.org/10.1002/adom.202000842
https://doi.org/10.1364/OL.30.002563
https://doi.org/10.1364/OL.30.002563
https://doi.org/10.1364/AOP.10.000843
https://doi.org/10.1063/1.2989126
https://doi.org/10.1038/s41467-020-16370-x
https://doi.org/10.1038/s41467-020-16370-x
https://doi.org/10.1080/02564602.2020.1865844
https://doi.org/10.1364/OPTICA.6.000766
https://doi.org/10.1364/AO.50.006452
https://doi.org/10.1109/TTHZ.2016.2530938
https://doi.org/10.1364/OE.20.007706
https://doi.org/10.1063/1.4827886
https://doi.org/10.1063/1.4827886
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

'." frontiers
in Physics

ORIGINAL RESEARCH
published: 28 May 2021
doi: 10.3389/fphy.2021.670972

OPEN ACCESS

Edited by:
Yingxin Wang,
Tsinghua University, China

Reviewed by:

Zhen Tian,

Tianjin University, China
Faustino Wahaia,

Pontificia Universidad Catdlica
de chile, Chile

Qiwu Shi,

Sichuan University, China

*Correspondence:
Bo zhang
bzhang@cnu.edu.cn
Fuhe Wang
wrh-phy@cnu.edu.cn

Specialty section:

This article was submitted to
Optics and Photonics,

a section of the journal
Frontiers in Physics

Received: 22 February 2021
Accepted: 12 May 2021
Published: 28 May 2021

Citation:

LiuY, LiX, Yang T, Liu J, Liu B, Shen J,
Zhang B and Wang F (2021) Flexible
Broadband Terahertz Modulation
Based on Strain-Sensitive

MXene Material.

Front. Phys. 9:670972.

doi: 10.3389/fphy.2021.670972

Check for
updates

Flexible Broadband Terahertz
Modulation Based on Strain-Sensitive
MXene Material

Yangqi Liu, Xiang Li, Tingting Yang, Jingyu Liu, Bin Liu, Jingling Shen, Bo Zhang * and
Fuhe Wang*

Key Laboratory of Terahertz Optoelectronics, Ministry of Education, Advanced Innovation Center for Imaging Technology, Beijjing
Key Laboratory for Terahertz Spectroscopy and Imaging, Beijjing Key Laboratory of Metamaterials and Devices, Department of
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A flexible broadband terahertz modulator based on a strain-sensitive MXene material is
reported. MXene is shown to have high terahertz wave absorption through experimental
testing of various substrate samples. Results show that the THz signal transmission
increases with increasing stretching degree, which differs obviously from transmission
through pure PVAc substrates. Analysis of the terahertz time-domain spectrum and
electrical characterization indicate that the sample’s conductivity decreases with
increasing stretching degree. The trend and magnitude of the electrical conductivity
results are also very similar to those from the time-domain spectrum. MXene is shown
to be a simple, efficient terahertz broadband spectrum modulator with transmittance that
can be affected by applying external forces.

Keywords: terahertz modulation, MXene, strain-sensitive, flexible, broadband

INTRODUCTION

As a unique radiation wave type, terahertz waves have had a profound impact on fields including
molecular biology, medical imaging, security detection and future communication systems [1-5].
The terahertz wave modulator is the core component of terahertz wireless communications, high-
speed data transmission and high-resolution imaging systems. This modulator has characteristics
that include low energy requirements, low transients, broadband performance, high coherence and
strong perspective properties. In recent years, increasing numbers of different terahertz modulator
types have been proposed. The functions of terahertz devices (including modulators [6-11], filters
[12], polarizers [13, 14] and metamaterials [15-19]) are critical to the acceleration of spectral,
imaging and communications applications using terahertz technology. In recent years, various
methods for fabrication of high-efficiency THz modulators have been proposed, including
fabrication of an in-band transition using graphene-induced perturbation, phase changes using
vanadium dioxide (VO,), formation of composite metamaterials using split ring resonators and
silicon light excitation. Although considerable efforts have been made to design and optimize the
THz wave dynamic tuning materials, these efforts have been hindered by the low tuning efficiency of
these materials. Therefore, the efforts to develop new terahertz modulation materials with high
efficiency are of major significance. In recent years, flexible optoelectronic devices have attracted
widespread attention because they can operate under various mechanical deformation conditions to
meet the requirements of wearable or flexible applications [20-24]. For example, in 2018, Zhang et al.
reported an engineering three-dimensional integrated framework for grinding stretchable electronic
products by combining material design with advanced micromachining strategies [20]. At the same
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time, some research on flexible terahertz devices was proposed
[25-27], but most of the research focused on the integration of
device units with flexible substrates. For example, Suzuki et al.
designed terahertz metal cells that contained carbon nanotubes
(CNTs5) to form a flexible terahertz scanner and demonstrated the
potential of this scanner in imaging of three-dimensional
curvature objects [26]. Cong et al. fabricated a THz
metamaterial quarter-wave plate composed of a metal wire
grid layer and an isotropic polyimide layer that can be bent to
cover a detector and used to explore the chirality of
biomacromolecules [27]. However, these functions are
essentially dependent on the nature of the device unit and
must be performed using metamaterials with complex
structures. In 2020, Shi et al. developed a flexible terahertz
modulation method based on conductive polymer composites
composed of thermoplastic polyurethane (TPU) and conductive
Ni particles. This flexible layer exhibits the resistivity change of
six to seven orders under tensile strain, which can be used to
control the THz transmission with a giant modulation depth as
high as 96%. Starting from the structural role of metamaterials,
THz radiation can be modulated flexibly using the properties of
materials [28]. Therefore, flexible material modulators with
simple structures and obvious effects are desirable.

Mxenes represent a new family of two-dimensional transition
metal carbides and nitrides with the general formula M, ,;X,Tx
[where M is an early transition metal (Sc, Ti, Zr, Hf, V, Nb, T a,
Cr, Mo, etc.), X is carbon or nitrogen, and Ty represents surface
terminations, (e.g. hydroxyl, oxygen, or fluorine terminations)] [38,
39]. Mxenes have attracted major interest because of their interesting
and diverse mechanical, structural, physical and chemical properties.
Most importantly, MXenes exhibit ultra-high conductivity (1500 S/
cm) on hydrophilic surfaces [29]. Because of this unique characteristic,
MXenes have attracted extensive attention in fields such as energy
storage [30-32], selective ion screening [33, 34], intelligent materials
[35], electromagnetic interference shielding [36], and lasers [37].
Current research indicates that MXenes show excellent responses
to electromagnetic waves. Jhon reported that Ti;C, has high
absorption and extinction coefficients in the terahertz range based
on a first principles study [38]. This type of material with its strong
absorption properties has drawn our interest strongly and we have
previously fabricated a flexible broadband terahertz modulator based
on a strain-sensitive MXene material.

In this work, the terahertz signal absorption of an MXene
[Ti;C,Tx(Tx = —OH, -0)]/PVAc(latex) sample is obviously
reduced under the application of external tension, and the
terahertz wave is thus modulated effectively to a large extent.
During the material stretching process, the conductivity of the
sample decreases as the degree of stretching increases, which
results in increased THz wave transmission. The THz modulator
introduced in this paper has advantages that include a simple
structure, simple implementation and an obvious effect.

EXPEROMENTAL DETAILS

The substrate was fixed on a clean quartz wafer, then a thin
MXene dispersion layer was spin coated on a clean emulsion

Terahertz Modulation on Strain-Sensitive MXene

substrate (1.5 cm X 3 cm x 0.2 mm), and sintered at 100°C for
15 min. Subsequently, silver parallel electrodes(l cm long X
0.5cm wide x 200 nm thick, with a distance between the
electrodes of 5mm) are deposited on the MXene layer by
thermal evaporation in a vacuum chamber. Finally, a silver
glue layer is coated onto the silver electrode and sintered at
100°C for 15 min.The sample is then removed from the quartz
sheet and fixed onto a stretchable sample holder.

By performing scanning electron microscopy (SEM) surface
morphology tests, we obtained the surface morphologies of the
samples in the relaxed and flat state and the tensile state. The SEM
surface topography of the MXene[Ti;C,T«(Ty = —OH, -0O)]/
PV Ac(latex) sample are shown in Figures 1B,C. Figure 1C shows
the morphology of the surface and section of MXene sample in
the non-tensile state (the small picture in the upper right corner is
a sectional view). Figure 1C shows the surface morphology of
mxene under tension. As shown in Figures 1B,C, when the
magnification is 35,000 times, we can see that the surface
under tension is less wrinkled and much smoother than that
in the relaxed state.

A GaAs photoconductive antenna was used to generate
terahertz pulses with bandwidths in the 0.2-1.2 THz range. To
detect the transmitted terahertz signals, a ZnTe crystal was used
with an electro-optical sampling technique. The electro-optic
effect is basically a nonlinear coupling effect between a low-
frequency electric field (the terahertz pulse) and an optical pulse
in the sensor crystal (ZnTe). The modulation of the polarization
ellipticity of an optical probe beam that passes through the ZnTe
crystal caused by modulation of the ZnTe crystal’s birefringence
by a terahertz pulse is analyzed to gain information on both the
amplitude and the phase of the terahertz wave. The tensile sample
holder with the sample is placed into a THz time-domain
spectroscopy (THz-TDS) system and the terahertz light spot is
aimed at the titanium carbide part of the holder between the
electrodes, as shown in Figure 1A. By adjusting the knob on the
left side of the sample holder to adjust the stretching degree of the
sample, the terahertz time-domain spectra of terahertz
transmission characteristics of different stretched samples are
obtained. The corresponding frequency spectrum can be obtained
by applying a Fourier transform, and the conductivities of the
samples with different tensile degrees can be calculated using the
method described in Formula 2. The reference value is taken
from the tensile data of an uncoated titanium carbide substrate.

The procedure is described as follows. First, connect the two
ends of the sample via the electrodes to the source meter, and take
the relaxed and flat state of the sample as the initial state; stretch
the sample by a stretching amount of 5.7%, which acts as the
change unit, and apply voltagesranging from 1V to —1V; collect
the current information at 10 points, obtain the current-voltage
(I-V) diagram for different stretching degrees, and then calculate
the resistance value and conductivity of the sample.

RESULTS AND DISCUSSION

The terahertz time domain spectra of PVAc samples with and
without MXene coatings are shown in Figure 2A. The sample
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FIGURE 1 | (A) Schematic of the experimental setup. (B) Surface morphology of the sample without tension. (C) Surface morphology of the sample under tension.
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FIGURE 2 | (A) Terahertz time-domain spectra of samples with and without MXene coating on PVAc substrates. (B) Terahertz frequency-domain spectra of
samples with and without MXene coating on PVAc substrates. (C) Terahertz time-domain spectra of samples with and without MXene coating on sponge substrates. (D)
Terahertz frequency-domain spectra of samples with and without MXene coating on sponge substrate.
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that was coated with MXene reduced the transmission peak of the
THz wave by approximately 80%. As shown in Figure 2B, the
transmission frequency spectrum of the terahertz wave shows a
major transmission difference before and after spin coating of the
MZXene material. This shows that the MXene has a very high
absorbing capacity. At the same time, a sponge material was also
used as a sample substrate in an additional experiment, with
results as shown in Figures 2C,D. The results obtained are similar
to those for the PVAc substrate.

The tensile results for the PVAc substrate are shown in
Figure 3A. These results show that the substrate self-
stretching has little effect on the THz transmission. Figure 3B
shows the terahertz transmission power spectrum of the PVAc
under tension. When the substrate is stretched, the THz signal
decreases slightly. The time-domain spectra of the MXene/
PVAc(latex) structure are studied under different tensile
degrees, with results as shown in Figure 3C. All the tensile
percentages in this paper are calculated by the ratio of the
length after stretching to the original length. When the degree
of stretching is 136%, the transmission amplitude of the time-
domain spectrum increases by more than 42%. When the tensile
strength is 147%, the transmission amplitude then increases by
more than 63%. When the tensile strength reaches 163%, the
transmission amplitude then increases by more than 98%.
Figure 3D shows the terahertz transmission power spectrum
of the MXene/PVAc(latex) structure under different degrees of
stretching. When the tensile strength increases, the transmission
of the THz intensity also increases obviously. When the tensile
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FIGURE 4 | Modulation factor (MF) of samples versus different tensile
strengths.

strength reaches 163%, the modulation of the transmission
strength is approximately 281%.

To evaluate the modulation performance of the sample, the
modulation factor (MF) is introduced and is defined as the
change in the integrated terahertz power emission caused by
the light excitation intensity:
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excited by different tensile degrees. (C) |-V diagram for electrical characterization of samples at different tensile degrees. (D) Relationship between the resistance and
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Piy(w)dw and Py ercn(w)dw are the powers of the terahertz
signal in the relaxed state and the stretched state, respectively.
Figure 4 shows the dependence of the MF on the tensile strength.
When the tensile strength was 136%, MF increased by 1.96. When
the tensile strength reaches 147%, MF increases to 2.12. When the
tensile strength reaches 163%, MF increases to 2.81. The change
range of MF also increases with the increase of tensile strength.
Due to the limitation of material properties, the limit of tensile
strength is about 170%. If the tensile degree exceeds this limit, the
damage to the substrate cannot be recovered.

To explain the modulation mechanism in further depth, the
variations in the conductivity of the samples with the tensile
degree have been calculated. From these calculations, we can
extract the transient frequency-dependent complex conductivity
from the time-domain data of the transmitted THz pulses,
denoted by Egyenten(w) and Ejon strentch(@). The transmission
ratio T(w) of the Fourier transform of these two wave forms is
related to the complex conductivity as follows [39]:

— Estretch ((,4)) -
@ Em)n—stretch ((A)) n+l+ ZOda' ((U),

n+1

2

Where Z, = 377 Q) is the impedance of free space, n = 1.5 is the
refractive index of the non-stretch PVAc substrate within the THz
range, and d is the thickness of the MXene coating, which is
estimated to be 150 um from the results in Figure 1B. Figures
5A,B show the real part 0,(w) and the imaginary part o;(w) of the

conductivity of Mxene coating under different tensile degrees,
respectively. Because the THz signal is strongly attenuated by the
modulators, the calculation results in the higher and lower frequency
ranges are not reliable, and thus we have only presented data
measured between 0.1 and 1.0 THz in Figures 5A,B. To make
the TDS calculations more scientifically accurate, the electrical
experiment was performed as a reference group, with results as
shown in Figure 5C. The relationship between the resistance and the
degree of stretching is derived from the I-V diagram using the
relationship among the current, the voltage and the resistance. The
black curve in Figure 5D shows the variation in the resistance of the
sample with the degree of drawing, while the blue curve shows the
variation in the conductivity of the sample with the degree of
drawing. The figure shows that the sample’s resistance increases
as the tensile strength increases and the sample’s conductivity
decreases as the tensile strength increases. The increase of the
tensile strength from 100 to 136% is also shown to have a
significant effect on the modulation of the tensile strength; at 147
and 163%, the stretching degree has little effect on the modulation.
This is consistent with the peak modulation and the MF of the
terahertz radiation time-domain spectrum.

CONCLUSION

A flexible broadband terahertz modulator based on a strain-sensitive
MXene/PVAc(latex) material is reported. It is found that the MXene
can absorb nearly 80% of the THz waves through testing of sponge
and latex substrate-based samples. The results obtained show that the
transmission rate of the THz signal increases with increases in the
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degree of stretching. When the stretching degree reaches 136, 147 and
163%, the terahertz time-domain spectrum signals are modulated by
42, 67 and 98%, respectively. The maximum modulation of the
terahertz projection power spectrum reaches 281%. Through an
analysis based on THz TDS and comparison of the electrical
properties of the samples, it is concluded that the conductivity of
each sample decreases with increasing tensile strength. In addition, the
trends for both properties are the same and the order of magnitude
remains consistent. The results show that MXene is a type of terahertz
modulator that can modulate the terahertz transmission signal
intensity of a sample effectively by stretching that sample with a
strong force to change the conductivity of the sample.
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A circularly polarized vortex beam possesses similar focusing properties as a radially
polarized beam. This type of beam is highly valuable for developing optical
manufacturing technology, microscopy, and particle manipulation. In this work, a left-
hand circularly polarized terahertz (THz) vortex beam (CPTVB) is generated by utilizing a
THz quarter wave plate and a spiral phase plate. Focusing properties of its longitudinal
component £, are detailedly discussed on the simulation and experiment. With reducing the
F-number of the THz beam and comparing with a transverse component £, of a general
circularly polarized THz beam, the simulation results show that the focal spot size and
intensity of its £, component can reach 87 and 50% of E, under a same focusing condition.
In addition, the experimental results still demonstrate that the left-hand CPTVB can always
maintain fine E, focusing properties in a broad bandwidth, which manifest the feasibility of
this class of THz beams.

Keywords: terahertz, circularly polarized vortex beam, longitudinal component, focusing properties, dispersive
characteristics

INTRODUCTION

As the maturation of terahertz (THz) technology, this kinds of far-infrared sensing and imaging
methods have gradually presented powerful application values in many research and industrial fields [1,
2]. Recently, investigations and applications of THz special beams have obviously become a hot spot and
attracted growing attention. Taking advantages of their distinctive diffraction characteristics, all kinds of
special beams have been successfully applied in THz imaging [3], THz communications [4], electron
acceleration [5], and so on. In 2006, Zhan Q. W. theoretically proposed that the longitudinal electric field
component of a circularly polarized vortex beam is analogous to that of a radially polarized beam, which
possesses a sharper focal spot [6]. In 2016, our report experimentally verified the properties of this kind
of optical beam in the THz waveband and pointed out its application prospects in THz microscopy and
particle acceleration [7]. In 2017, Minasyan A. et. al designed a space-variant birefringent slab to achieve
a circularly polarized THz vortex beam (CPTVB) [8]. In 2019, Sirenko A. A. et. al demonstrated that
modified broadband circularly polarized THz vortices can be utilized as a spectroscopic probe of
magnetism [9]. In 2021, Sobhani H. theoretically discussed the creation of a THz pulse carrying orbital
angular momentum via beating twisted laser pulses in the plasma [10]. Apparently, the generation
methods and characteristics of CPTVBs have gained more and more attention. Compared to a radially
polarized THz beam, a CPTVB can be more easily produced and modulated by using a THz quarter
wave plate (TQWP) and a spiral phase plate (SPP). Therefore, a further study on longitudinal
component features of a CPTVB is valuable for improving the performances of current THz systems.
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Circularly Polarized Terahertz Vortex Beams

TQWP

SPP

FIGURE 1 | Schematic diagram of a circularly polarized THz vortex beam (CPTVB). TQWP: THz quarter wave plate; SPP: spiral phase plate.

SiLens

In this paper, we compared focusing properties of the longitudinal
component of a CPTVB and the transverse component of a general
circularly polarized THz beam on the simulation and experiment.
Under different focusing conditions, evolutions of their focal spots
are presented and analyzed. Besides, the dispersive characteristics of
the longitudinal component of a CPTVB produced by using a
TQWP and a SPP are also observed and discussed.

SIMULATION

Firstly, we present and analyze the field distributions of CPTVBs on
the simulation. Figure 1 gives the schematic diagram of a CPTVB
generated by a TQWP and a SPP. The incident THz wave with a
x-linear polarization illuminates a TQWP to possess a circular
polarization. Then, the circularly polarized THz beam carries a
spiral wave front after passing through a SPP. To generate a strong
longitudinal electric field component, a high resistivity silicon (Si)
lens is adopted to focus the THz beam. Here, a modified Richards-
Wolf integration algorithm is utilized to simulate vector THz field
components [11]. In the high-aperture aplanatic focusing system,
the focal spot is located at a sufficient distance away from the
aperture. Then, vector components of a THz vortex beam in a
homogeneous dielectric medium near the focus can be written as

E(p.9.2) = <ikf | Q(p.9.0)q(O)de m
where (p, ¢, 2) is the cylindrical coordinate on an observation plane,
k = 2m/A is the wave number in the vacuum, A is the wavelength of
the incident THz beam, fis the focal length of the Silens, € is the angle
between the converging THz beam and the z axis, « is the maximum
value of 0. g(6)can be described as q(8) = V' cos 0 sin 0 exp(jkz cos 0),
which is related to the pupil apodization function of the focusing
system. The expression of Q(p, ¢, 8) depends on the incident THz
polarization. When the incident THz field possesses a circular
polarization, Q(p, ¢, 8) can be written as

1, )
QO%%0)=;51 exp (jme)

where m is the topological charge of the SPP, sgn (p) is the sign of
the input polarization, J,,(t) is the Bessel function of the first kind
and t = kpsin 0. In addition,

3)
(4)

BE (£, 9) = ~exp (580 ()29 vcgn (5)2 ()
Bfn (t’ q)) = Sgn (P)]exp (Sgn (P)j¢)]m+sgn (p)l (t)

In the initial simulation, these parameters are set as A =
400um (corresponding to 0.75 THz), f = 20 mm, a = 26.56°,
sgn(p) = 1 (corresponding to a left-hand circular polarization).
By using Eqs. 1-4, the polarization components E, and E, of a
left-hand CPTVB with m = 0 are simulated and presented on the
focal plane, as shown in Figures 2A,B and Figures 2E,F. Figures
2A,B give the amplitude and phase distributions of E,. Figures
2E,F show the amplitude and phase patterns of E,. When m =0,
the CPTVB is just a general circularly polarized THz beam.
Therefore, E, shows a typical focal spot and its phase nearly
exhibits a flat plane near the focal spot. Meanwhile, the E,
component presents a vortex pattern, including a doughnut-
shaped amplitude and a spiral phase in a clockwise
direction. These phenomena can be easily explained. With a
circular polarization, longitudinal components E, can be
simultaneously generated on both X-Z and Y-Z planes and a
/2 phase difference exists between them, so the interference
between them results in the E, morphology of the CPTVB with
m = 0. When the topological charge of the SPP is setas m = -1,a
spiral phase modulation is introduced into the THz beam. In
this case, the E, and E, components are simulated and presented
in Figures 2C,D and Figures 2G,H. It can be seen that E,
shows a ring-shaped amplitude and a spiral phase in a
counterclockwise direction, as shown in Figures 2C,D. In
Figures 2G,H the E, amplitude exhibits a main focal spot as
well as some weak annular side-lobes and the E, phase is
composed of a series of concentric rings. On the interfaces
between adjacent ring-shaped phases, there are always a 7 phase
jump. To understand the features of the E, component, a
normalized left-hand circularly polarized THz beam can be
expressed as [6].

1 . .
Jn (0 + 5 [Jn (5) + By (£ 9)] (cos 6 = 1) Ernc = exp (j) (e + jey )/ V2, (5)
2

‘ 1 - @ where e, and e, are the unit vectors on radial and azimuthal
sgn (p)j {] m(6) + 5 [J () = B, (£, )] (cos 6 - 1)} directions. When a spiral phase modulation with m = -1 is loaded
on the THz beam, the original spiral phase term exp(jgp) is

—ny, (t,¢)sin6 eliminated and the THz field can be expressed as
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FIGURE 2| (A,E) Amplitude and (B,F) phase patterns of £, and E; for a left-hand CPTVB with m = 0. (C,G) Amplitude and (D,H) phase distributions of £, and E, for
a left-hand CPTVB with m = —1. (I) Normalized amplitude profile curves of E, with m = 0 and E, with m = —1. These curves are extracted from (A) and (G), respectively.

E = (e +je,)/V2. (6)

Then, the THz beam can be considered as a linear
superposition of the e, and e, components. When the THz
beam is focused, the e, component cannot induce a
longitudinal electric field component, so the formation of
E, completely arises from the contribution of the e,
component [12]. Therefore, the E, distribution features of
the left-hand CPTVB with m = —1 are very similar to the
longitudinal component of a radially polarized THz beam.
These simulation results are very consistent with our
previous report [7].

In addition, it should be noted that a right-hand circularly
polarized THz beam can be also used to generate a sharp real
focus of E, in a similar manner. When a spiral phase modulation
with m = 1 is loaded on a THz beam with a right-hand circular
polarization, the constructive interference of E, is fulfilled on the
optical axis and a focal spot of E, is formed. However, E, suffers
from destructive interference when a spiral phase modulation
with m = -1 is loaded on a right-hand circularly polarized THz
beam. In that case, the E, component will present a vortex pattern

with a topological charge of —2. The related discussions have been
reported in our previous work [7].

The most important property of a converging radially
polarized beam is that the focal spot size of its E, component
is smaller than that of the E, component of a general focused
beam with a same F-number, which is very valuable for optical
microscopy [13] and particle acceleration [5]. Herein, we
compare the focal spot sizes of E, with m = -1 and E, with
m = 0 for left-hand CPTVBs. The amplitude profiles of E, with
m = -1 and E, with m = 0 are separately extracted along the x axis
from Figures 2A,G. Their normalized curves are plotted and
compared, as shown in Figure 2I. The full width half maximum
(FWHM) D, and D, of E, and E, are marked by red and blue
arrows, which are 0.56 and 0.65 mm, respectively. It clearly
manifests that a CPTVB can be utilized to form a smaller
focal spot.

To further analyze E, properties of a CPTVB, the focal length f
is varied from 10 to 80 mm and other parameters are fixed in the
simulation. The amplitude patterns of E, with m = 0 and E, with
m = -1 of left-hand CPTVBs are simulated and their amplitude
profiles are extracted along the x axis. Figures 3A,B exhibit the
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amplitude profile distributions of E, and E, along different
F-numbers. Obviously, their common points are that the focal
spot sizes of E, and E, monotonically enlarge and their intensities
progressively attenuate with increasing the F-number. To more
intuitively observe the variation tendencies of their focal spots,
the FWHMs D, and D, of E, and E, are extracted and plotted in
Figure 3C. D, and D, vary from 040 mm and 0.35mm to
2.28 mm and 2.05 mm with adjusting the F-number from 0.5
to 4. Meanwhile, it is apparent that D, is always smaller than D,
with different F-numbers. In addition, the ratio of D, to D, is also
calculated and exhibited in Figure 3E, which alters from 0.87 to
0.90 with changing the F-number from 0.5 to 4. It can be found
that the ratio almost remains unchanged with decreasing the
F-number from 4 to 1.5 and it sharply reduces when the
F-number is less than 1.5. Besides, intensities of E, and E,
with different F-numbers are also compared and analyzed.
Figure 3D gives the variations of the E, and E, amplitude
peaks at x = 0 with changing the F-number. It should be
noted that both E, and E, amplitudes are normalized to the E,
amplitude peak. It can be observed that both E, and E, amplitudes
monotonically enhance with decreasing the F-number and the
evolution trend of E, is more pronounced when the F-number is

less than 1.5. The ratio |E,|/|E,] of the E, and E, amplitudes is also
calculated and shown in Figure 3F, which shows that the
proportion of E, is more and more significant with reducing
the F-number and can approach 50% with the F-number of 0.5.
According to these simulation results, it indicates that a focusing
condition with a smaller F-number is essential for acquiring a E,
focal spot with a smaller size and a higher intensity.

EXPERIMENT

On the experiment, CPTVBs are also achieved and analyzed. A
THz focal-plane imaging system is applied to characterize the
features of CPTVBs, as shown in Figure 4. A Spectra-Physics
femtosecond laser amplifier (800 nm central wavelength, 35 fs
pulse duration, 1 W average power, and 1 kHz repetition ratio) is
used as the light source. The laser pulse is divided into the pump
and probe beams by a half wave plate (HWP) and a polarization
beam splitter (PBS) for exciting and detecting the THz wave.
After passing through a motorized linear stage, the pump beam
with a 990 mW average power is expanded by a concave lens L1
with a 50 mm focal length and is guided to illuminate a <110>
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FIGURE 4 | Schematic diagram of a THz focal-plane imaging system.

ZnTe crystal with a 2 mm thickness. Then, the THz radiation
with a linear polarization is generated by the optical rectification
effect [14]. An axis-off parabolic mirror (PM) with a 100 mm
focal length is utilized to collimate the THz beam. Herein, the
diameter of the THz beam is approximately 20 mm. After
successively transmitting through a TQWP, a SPP and a Si
lens, a converging left-hand CPTVB is formed and is incident
into the sensor crystal (SC). On the path of the probe beam, the
laser pulse with a 10 mW average power is sequentially expanded
and collimated by concave and convex lenses (L2 and L3) with
focal lengths of 50 and 150 mm. The diameter of the probe beam
roughly reaches 30 mm. A polarizer (P) is used to ensure the
probe polarization and the probe beam is reflected onto the SC. In
the SC, the two-dimensional THz information is modulated on
the probe polarization by the linear electro-optic effect [15]. The
probe beam carrying the THz information is reflected by the SC
and a 50/50 non-polarizing beam splitter in sequence and is
guided into the imaging module of the system, which is
constituted of a lens group (L4 and L5), a quarter wave plate
(QWP), a Wollaston prism (WP), and a CCD camera with a4 Hz
frame rate. The imaging module is applied to capture the image of
the probe beam on the SC. A mechanical chopper is mounted in
the pump beam to modulate the output frequency of the THz
pulse and is synchronously controlled with the CCD camera.
Dynamics subtraction and balanced electro-optic detection
methods are adopted to remove the background intensity of
the probe beam [16, 17] and a two-dimensional THz image is
accurately extracted. By continuously adjusting the time delay
between the pump and probe beams, a series of THz temporal
images are measured and the Fourier transformation is operated
on each pixel to acquire the THz spectral information. To
suppress the background noise of the system, 25 frames are
averaged at each temporal scan point. In this system, the
effective imaging area is 12mm X 12mm and the size of a
pixel is 57 ym.

To characterize the different polarization components of the
THz beam, the SCs with various crystalline orientations are
carefully selected. In the measurement, the probe polarization
is always fixed as the horizontal direction. A <110> ZnTe with a
1 mm thickness is chosen to measure the transverse electric field
E, of the THz beam. To maximize the detection efficiency, the
angle between the <001> direction of the crystal and the probe
polarization is set as 0°. A <100> ZnTe with a 1 mm thickness is
selected to acquire the longitudinal electric field E, of the THz
beam. The <010> direction of the crystal is tuned to 45 with
respect to the probe polarization to optimize the detection
efficiency [7].

To achieve a left-hand circularly polarized THz beam, a quartz
TQWP (TYDEX Company, Russia) with a 400 pm central
wavelength is applied. A Teflon SPP with a topological charge
of -1 and a 400 pm central wavelength is used to impart a spiral
phase modulation on the THz beam. Three Si lenses with focal
lengths of 20 mm, 30 mm, 50 mm are separately picked up to
produce the converging CPTVBs for comparing the features of E,
with different focusing conditions. On the focal plane, the E, and
E, components of the left-hand CPTVBs are measured and
analyzed by using the imaging system.

Figure 5 exhibits the comparison of the E, and E, components
under different focusing conditions. Figures 5A,D,G give the
amplitude distributions of the focal spots with f = 20 mm, 30 mm,
50 mm at 0.75 THz for E, with m = 0 of left-hand CPTVBs. Figures
5B,E,H show the amplitude patterns of E, with three different focal
lengths at 0.75 THz on the focal plane for left-hand CPTVBs with
m = —1. Obviously, the focal spot sizes of E, and E, are gradually
magnified with increasing f For clarity, their corresponding
amplitude profile curves are extracted along the x axis. The
normalized curves of E, and E, with f = 20 mm, 30 mm, 50 mm
are plotted and compared, as shown in Figures 5C,F,I. When the
focal length of the Si lens is 20 mm, the FWHMs D, and D, of E, and
E, are 0.87 and 0.61 mm, respectively. When fis adjusted as 30 mm,
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FIGURE 5 | Comparison of the transverse and longitudinal components under different focusing conditions. (A), (D), (G) and (B), (E), (H) separately present the
amplitude distributions of the focal spots with focal lengths of 20 mm, 30 mm, 50 mm at 0.75 THz for £, with m = 0 and E, with m = —1 of left-hand CPTVBs. (C), (F), (I)
give their corresponding normalized amplitude profile curves along the x axis (J) and (K) show the ratios of D./D, and |EL)/|E,| with varying the F-number, respectively.

D, and D, are 1.22 and 1.02 mm. When fis varied as 50 mm, both D,
and D, are almost equal to 2.32 mm. Simultaneously, the side-
lobes of E, becomes more striking. Experimental results are
mainly consistent with the simulation. When a CPTVB is more
tightly focused, the E, component with a smaller focal spot is
formed. In addition, the focal spot size of E, is always less than
that of E,. Some slight deviations between the experimental
and simulation results are mainly attributed to the integral
effect of the 1 mm-thick SCs [18] and other measurement
errors. Besides, the ratios of D,/D, and |E,|/|E,| are also

calculated and exhibited in Figures 5J,K, which presents
similar tendencies as the simulation results.

Moreover, the dispersive characteristics of the focal spots with
different focal lengths are also checked for E, with m = -1 of left-
hand CPTVBs. From the measurement results of E,, each
spectral amplitude profile curves are extracted along the x
axis. Figures 6A-C present the amplitude profile distributions
of E, with f = 20 mm, 30 mm, and 50 mm along different
frequencies. In Figures 6A,B, it can be seen that E, always
possesses a clear real focus from 0.5 THz to 1.0 THz. With f =

Frontiers in Physics | www.frontiersin.org

20

August 2021 | Volume 9 | Article 736831


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wang et al.

Circularly Polarized Terahertz Vortex Beams

0 0.5 1
Frequency (THz)

0.5
Frequency (THz)

FIGURE 6 | Dispersive characteristics of the focal spots with f=20 mm (A), 30 mm (B), and 50 mm (C) for the E, components with m = -1 of left-hand CPTVBs.

Max

Min
1 1.5 0

Min

0.5 1
Frequency (THz)

1.5

50 mm, the focal spot gets blurred at frequencies away from
0.75THz due to the weaker E, component, as shown in
Figure 6C. It manifests that a CPTVB can generate a fine
converging E, component with a broad bandwidth, although
the modulation effects of the TQWP and SPP are the most
perfect at the central wavelength.

CONCLUSION

In conclusion, the focusing properties of the E, component are
analyzed in detail for a converging CPTVB. The simulation
and experimental results show that a CPTVB can form a real E,
focus when its topological charge is carefully adjusted. With
reducing the F-number, the E, component can get a sharper
focal spot and a higher intensity. Particularly, the focal spot
size of E, is always less than that of the E, component of a
general circularly polarized THz beam with the same
F-number. In addition, E, can remain a fine focusing effect
in a broad bandwidth for a CPTVB generated by a TQWP and
a SPP. This work provides an effective avenue to produce a
longitudinal THz polarization component with a smaller size
and a stronger intensity. It can be expected that this class of
CPTVBs will exhibit important application values for
improving current THz inspection systems.
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Department of Physics, Capital Normal University, Bejing, China, 2Conservation Department, The Palace Museum, Beijing, China

Chinese lacquerware is an important invention of arts and crafts in China. In this study,
Chinese lacquerware is characterized using terahertz reflectometric imaging. The
lacquerware studied herein comprises an ornamental wood panel covered by multiple
layers of lacquers to portray motifs. For characterizing lacquerware, a terahertz time-
domain spectroscopic reflectometric imaging system is proposed. The role of the
proposed terahertz imaging system in highlighting the interface between layers during
stratigraphic buildup in reflection geometry is proved. The proposed system provides a
universal method for assessing the structural information of lacquered objects in a
contactless and non-invasive manner; moreover, it provides two-dimensional images,
subsurface three-dimensional images, and stratigraphic images (b-scans) in a contactless
and non-invasive manner. Using the proposed system, we examine the buried layers of the
lacquerware, including faults in the wooden layer and damages in the lacquerware.
Research shows the promising prospects of terahertz time-domain spectroscopic
reflectometric imaging as a non-destructive detection technique suited to lacquerware.

Keywords: lacquerware, terahertz imaging, time-of-flight, b-scan, C-scan

INTRODUCTION

Chinese lacquerware is an important invention of arts and crafts in China. It is used to create
beautiful colored patterns on the surface of utensils. Traditional Chinese lacquerware, as ornamental
artifacts, comprise several composite layers of lacquer and rank among the most important forms of
expression in Chinese art. Generally, raw lacquer is applied onto utensil surfaces. Raw lacquer is
obtained from lacquer trees and primarily comprises urushiol, laccase, gum, and water. By using raw
lacquer as paint, the Chinese formulated different colors of paint gloriously. Moreover, lacquer has
special functions such as moisture resistance, high temperature resistance, and corrosion resistance.
Since the Neolithic Age, the Chinese have recognized the performance of lacquer and used it to paint
utensils. During the Shang and Zhou Dynasties and the Ming and Qing Dynasties, the Chinese
lacquerware technique witnessed continuous development and achieved a very high level. Deeply
appreciated by people worldwide, Chinese lacquerware has had a great impact on worldwide arts and
crafts. Scientific analysis of lacquer provides information on the constituent layer compositions and
conditions and allows conservators to propose appropriate conservation measures. Standard
approaches for visualizing the internal structure of artifacts include infrared reflectography and
X-ray radiography technologies, often in conjunction with microscopic analysis of the cross-sections
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FIGURE 1| Schematic of the experimental setup of the proposed THz-
TDSRI system. HWP: Half-wave plate. PBS: Polarizing beam splitter. BS: THz
beam splitter. P: Polarizer. QWP: Quarter-wave plate. WP: Wollaston prism.
BD: Balance detector. OAP1, OAP2, OAP3: Off-axis parabolic mirror.

of the samples [1, 2]. However, current methods are still
underdeveloped and fail at generating the three-dimensional
view without damaging the lacquerware. Combining these
methods with terahertz (THz) imaging can provide a universal
method to enrich information about Chinese lacquerware.

THz radiation (1 THz = 10'? Hz) includes the frequencies in
the range of 0.1-10 THz (wavelength: 0.3-3 mm). The terahertz
time-domain spectroscopic reflectometric imaging (THz-TDSRI)
system proposed in this study can depict 2D images as well as
subsurface 3D images due to its ability to highlight the interface
between layers for the stratigraphic buildup. This system provides
stratigraphic images in a contactless and non-invasive manner;
however, cross-sectioned samples could destroy the sample.
Furthermore, as THz radiation is nonionizing because of its
low photon energy (4.1 meV at 1 THz) and requires very low
power levels (~1 uW), internal structure visualization can be
accomplished without damaging the artifacts. As such, the
THz-TDSRI system can be employed to acquire the structural
information of lacquered artifacts.

In Terahertz Time-Domain Spectroscopic Reflectometric Imaging
System, we describe the proposed THz-TDSRI system. In Irmaging of
Chinese Lacquerware, the THz-TDSRI system is used to examine the
hidden layers in lacquerware, such as cracks in the wooden layer,
without damaging the lacquer layers. Finally, we conclude that the
THz-TDSRI system is an important and promising non-destructive
inspection method for lacquerware examination.

TERAHERTZ TIME-DOMAIN
SPECTROSCOPIC REFLECTOMETRIC
IMAGING SYSTEM

THz time-domain spectroscopic reflectometric (or THz pulsed)
imaging is a non-invasive and coherent imaging technique that is
used to obtain the inherent 3D information. As for imaging, the
most advantageous trait of THz radiation is its capability of
penetrating visually opaque and nonconducting materials.

To measure the outer layer of the lacquerware, a terahertz
time-domain spectroscopic reflectometric imaging (THz-TDSRI)
system is established in this study. This system comprises a

Terahertz Imaging in Reflection Geometry

femtosecond laser, a scanning optical delay line, a THz
antenna, a THz detector, and an XY-scanning stage. A sketch
map of the device in normal incidence reflection geometry is
illustrated in Figure 1. Laser average power, pulse width, and
repetition frequency in optical pulses are 100 mW, 100 fs, and
79 MHz, respectively. Using a half-wave plate and a polarization
beam splitter, the optical pulses are divided into generation and
detection beams; the ratio of generation beams to detection beams
is set to 9:1 by rotating the half-wave plate. A beam with 90%
power is passed through the scanning optical delay line, and the
THz antenna is irradiated to produce THz waves. The THz beam
is reflected by an off-axis parabolic mirror 1 (OAP1) to obtain a
parallel beam. The parallel THz beam is then incident on the THz
beam splitter; half of the THz energy is reflected. The reflected
THz waves are focused on the lacquerware by OAP2 and reflected
multiple times by the lacquerware. The reflected beam is focused
on ZnTe by OAP2 and OAP3. Simultaneously, another beam
with 90% power is irradiated on ZnTe as the probe beam. The
probe beam is passed through a polarizer before irradiating ZnTe
to ensure that it is linearly polarized. Then, the detection light probe
beam is irradiated on the balance detector through a quarter-wave
plate and a Wollaston prism to detect THz waves. The lacquerware is
placed in the XY-scanning stage. The THz beam is used to perform
raster scanning on the lacquerware in the X and Y spatial
dimensions. A time-domain pulse is documented at every spatial
coordinate for image formation. 2D and 3D THz tomography plots
are acquired by scanning the lacquerware in the X and Y directions.

The C-scan method is employed for scanning. First, a THz wave
is focused on a point in the lacquerware; then, the XY-scanning is
stopped and spectral scanning is started. After the optical delay line
completes the spectral scan of the point, the X-axis of the XY-
scanning stage moves to the next point to perform the spectral scan
again. This process is repeated until the X-axis spectral scanning is
completed. At this time, the X-axis returns to the origin and the
Y-axis moves to the next point. The same operation is repeated until
the entire lacquerware is scanned [3].

Terahertz time-domain systems (THz-TDS) can emit and
detect very short electromagnetic pulses (with duration below
picosecond) in the THz frequency range. This THz-TDSRI
system can be operated in the frequency range of 0.1-2.6 THz.
THz radiation reflected by the gold mirror is shown in Figure 2.

In the proposed system, the temporal spacing between
reflections is directly proportional to the optical thickness of
the layers, implying that the time scale affords information
concerning penetrated depth in the reflected signals, thereby
enabling 3D time-of-flight (TOF) imaging [4, 5]. Time-domain
images are reconstructed based on the measured data following
the aforementioned pulse delay for the reference pulse. The
principle is shown in Figure 3.

E, is the incident THz radiation. E,; is the THz radiation
reflected from the upper surface of the lacquer. This THz pulse
appears at 15 ps E,, is the THz radiation reflected by the interface
between the lacquer and the wood. This THz pulse appears at
35ps The time difference between these 2 THz pulses is
20 ps(At = 20 ps). Therefore, the thickness of the lacquer layer
can be estimated using the expression, d = At - ¢/2n, where cis the
speed of light and n denotes the refractive index of lacquer. As for
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FIGURE 3| Principle of THz-TDSRI system.

FIGURE 4 | Visible-light picture of the lacquerware replica; red lines
mark the scanned area.

the spectral bandwidth of the THz pulse, its depth resolution is
approximately half of the coherence length of the THz radiation.
The coherence length of the radiation is based on LC = cn/Aw,
where Aw is the spectral bandwidth and cn denotes the speed of
light within the intervening medium [6, 7].

IMAGING OF CHINESE LACQUERWARE

The studied lacquerware was procured from the Palace Museum,
Beijing (Figure 4). The lacquerware is an ornamental object
comprising a wood panel covered by multiple layers of lacquer
to portray motifs, with its wood panel covered with thick glossy
black lacquer. The pattern was portrayed by a layer of red-colored
lacquer and a layer of gold-like yellow-colored lacquer.

The electric field value calculated at every spatial coordinate (x,
y) across the scanned area was applied in lacquerware
bidimensional visualization. The XY scan step was 0.25 mm,
subject to the restriction of THz radiation wavelength. C-scan
allowed us to obtain the time-domain intensity value of each
point in space. The spectrum value was obtained via fast Fourier
transform. A code was used to produce the frequency-and time-
domain parametric THz images (Figure 5). THz reflection
images were obtained by assigning intensity values to each
pixel, thus, yielding various shades of gray within the black-
white range in proportion to the parameter values.

The grayscale intensity images demonstrated a favorable THz
optical contrast of the materials. The background is black lacquer,
and the glittering patterns and gray is red lacquer.

In contrast to the time-domain parametric image, the
frequency-domain image can be used to display images at a
specific frequency. Different frequencies can provide us different
information. To avoid the effect of THz waves reflected by the
wood on the frequency spectrum, the reflected THz pulse of the
lacquer was extracted, and the time-domain spectrum was
normalized. The spectrogram of a specific frequency range was
made. To improve the contrast, composite false-color rendering
was applied while creating the reflected composite THz
frequency-domain images [8] (Figure 6).

The different images correspond to different frequency ranges.
The red lacquer was highlighted at frequencies of
0.16113-0.45410 THz. The yellow lacquer was highlighted at
frequencies of 1.112,790-1.42090 THz and 1.81640-2.10940 THz.
To improve the visual effect, these images were converted to RGB
channels, and composite reflected THz composite images for RGB
false-color were rendered (Figure 6D). RGB false-color rendering
enabled the differentiation of multiple materials and textures on the
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to improve the horizontal resolution.

FIGURE 5 | (A) THz time-domain parametric image (maximum of temporal amplitude). (B) THz frequency-domain image (integral of the spectral amplitude over the
0-2.6-THz frequency range). Both panels are normalized, so they can share a color bar. There is a problem that needs to be explained: although the XY scan step length
is 0.25 mm, but its horizontal resolution is 1 mm. This is because the size of the THz wave focus is limited by the wavelength and spectral width. We are currently working

0.8

0.6

0.4

0.2

0

FIGURE 6 | THz reflection frequency spectrum composite image. (A)

The image is recorded in the 0.16113-0.45410 THz range. (B) The image is
recorded in the 1.112,790-1.42090 THz range. (C) The image is recorded in
the 1.81640-2.10940 THz range. (D) The image is synthesized via false
RGB. (a) Image of the red channel, (b) image of the green channel, and (c)
image of the blue channel. The panels arebeen normalized to share a
color bar.

lacquerware surface. The improvement in the recorded pattern is
especially evident, in which the texture is much clearer due to the
difference in the RGB colors.

The comparison between Figure 6 and Figure 4 shows that
the yellow part is stronger in the mid-frequency
(1.112,790-1.42090 THz) and high-frequency
(1.81640-2.10940 THz) range. Because gold powder has been
added to the yellow part. The red part is stronger in the low
frequency (0.16113-0.45410 THz) range.

TERAHERTZ REFLECTION SLICE IMAGES

Figure 7 shows the time-domain spectrum of a point. This point
is at x = 55 mm and y = 3 mm. It can be found that this point is a
point in the upper right corner of the red box, compared with
Figure 4. We can clearly see two reflected THz pulses. The first is
the THz pulse reflected by the lacquer, and the second is the THz

40+ A J
< 30f | ]
£ 20 : The pulse reflected by the lacquer
3 /| 4t=1.96Ps
= 10 i
£ o0 l !
< -10 i " The pulse reflected by the wood |

-20 L ! 1 : L L L
0 2 4 6 8 10 12
Time / ps

FIGURE 7 | A time-domain spectrum of one point.

Time / ps

20
X axis position / mm

30 40 50

FIGURE 8 | B-scan image. The figure has been normalized.

pulse reflected by the wood. The time difference between the
appearance of these two peaks is 1.96 ps, At = 1.96 ps Phase
analysis revealed that the THz pulse reflected by lacquer and the
THz pulse reflected by wood have a phase difference of 180
therefore, the THz pulse reflected by wood shows a negative
amplitude. All time-domain spectra are similar to this one, but
they have different amplitudes and At.

B-scans show the TOF in the electric field in the vertical axis
and (x) transceiver linear position in the horizontal axis [9, 10]. In
the lacquerware sample, depth difference was observed between
the upper surface of the lacquer and the interface of the wood and
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FIGURE 9 | Time-of-flight image.
lacquer [11, 12]. Figure 8 shows the b-scan image of the red CQONCLUSION

dashed scan line from a THz time-domain parametric graph. In
the picture, we can clearly see the two surfaces (the upper surface
of the lacquer and the interface of the wood and lacquer).

TIME-OF-FLIGHT IMAGE

TOF imaging is used to study the relationship between layers
[13]. By using ultrashort THz pulses in high-resolution TOF THz
tomography, the tomographic spectrum can be acquired by
detecting the pulses reflected from each layer [14]. Figure 9
presents the THz TOF images of the scanned areas. We analyzed
all time-domain spectra. The time of each reflection peak in each
time-domain spectrum has been extracted. To improve the visual
effect, the figure is displayed in pseudo-color. The time of the first
reflection peak in each time-domain spectrum forms the lower
surface. The time of the second reflection peak in each time-
domain spectrum forms the upper surface.

Figure 9 shows the layers for the area shown in Figure 4. The
figure clearly shows two layers: the upper layer is the interface of
lacquer and wood, and the lower layer is the upper surface of the
lacquer. Figure 9 shows that both reflection layers have a fault
(Y-axis position near 10 mm) and that the faults on the wood layer
are slightly greater compared with those on the lacquer layer. In this
study, a sample of black lacquer with a thickness of 0.5 mm and a
diameter of 10 mm has been produced, in order to evaluate the
thickness of lacquer layer. By analyzing the frequency domain
spectra in the air and reflected by the sample, it is found that the
refractive index (n) is 1.83, which is obtained by integration in the
frequency range of 0.1-2.6 THz. After calculation, the average
thickness of the lacquer layer is 159.318 um and the average fault
of the wood layer and lacquer layer was found to be 65.42 and
46.38 um, respectively. This proves that the lacquer repaired the fault
of the wood to a certain extent. Comparing with Figure 4, it can be
concluded that the wood layer and the lacquer layer are slightly
convex at the edge of the lacquerware and the trend is the same in
both layers. The probability of visualizing the wooden support’s
inner structure enables relevant integrity detection.

In this study, we demonstrated that the THz-TDSRI system
proposed herein can highlight the interface between layers for
the stratigraphic buildup and can be employed as a universal
method to obtain the structural information (2D images,
subsurface 3D images, and stratigraphic images (b-scans))
of lacquerware in a contactless and non-invasive manner.
Using the proposed THz-TDSRI system, we examined the
buried layers involving wood layer faults in the lacquerware
without damaging the artifact. A traditional Chinese
lacquerware artifact was studied using reflectometric THz
imaging, which proves that THz-TDSRI has great potential
in lacquerware inspection.
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Active control of terahertz (THz) wave polarization state is of great significance for sensitive
detection, imaging and communication. Here, a tunable THz quarter wave plate is
designed by electronically controlling a composite metasurface consisting of the gold
cross antennas and a monolayer graphene. The graphene composite metasurface acts as
a quarter-wave plate when the chemical potential of graphene is 0 eV, by which the
polarization state of the incident THz wave is converted from linear polarization to circular
polarization. After the chemical potential of graphene is increased gradually, and to 0.5 eV,
the transmitted polarization state of the THz wave is changed from right circular
polarization to right elliptical polarization, and to linear polarization. Furthermore, the
polarization state of the THz wave is able to be changed from left circular polarization
to left elliptical polarization, and to linear polarization if the device is clockwise rotated by
90°. Therefore, the polarization state of THz wave could be actively controlled by the
proposed tunable THz quarter wave plate. Our work will offer a new avenue for tunable THz
polarization modulation devices.

Keywords: THz, polarization, tunable, graphene, metasurface

INTRODUCTION

Recently, tunable metasurfaces have attracted enormous research interests as a means to control the
polarization state of THz wave. In the conventional optical devices, polarization control of
electromagnetic wave is mainly achieved using birefringent materials. However, these materials
are not suitable in the THz band because of the inherent disadvantages including bulky size, and
narrow band of operating frequency. The most important issue is that the THz wave interacts weakly
with these materials in nature.

Metasurface is a sub-wavelength artificial structure with extraordinary properties that nature materials
do not have [1]. The electromagnetic wave properties including amplitude, phase, frequency and
polarization can be controlled completely based on the structure of a metasurface, because any
permittivity and permeability can be achieved after the modulation of metasurface devices. Therefore,
more and more people have been committed to design metasurface structures, and proposed various
functional devices including the anomalous reflection or refraction devices [2, 3], the holographic devices
[4-6], the metasurface lenses [7-9], and the polarization-control devices [10-17], which mainly include the
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FIGURE 1 | (A) Diagram of the working principle of the tunable TQWP; (B) Schematic of the metasurface consisting of the gold anisotropy cross arrays; (C)

Graphene

half-wave plate [10, 11], the quarter-wave plate [12-16], and the
retarders [17]. These devices have the advantages of ultrathin
thickness, high degree of design freedom and compactness, which
will promote the miniaturization of the system. For example, Wang
et al. designed an ultrathin THz quarter-wave plate using Babinet-
inverted metasurface [14]. However, all the devices mentioned above
are static, which hinders their convenience in the realistic application.
Activating the functionalities of these devices will no doubt expand
the application and improve the functional value, which is necessary
to integrate tunable materials including the semiconductor [18, 19],
the phase change material [20, 21], and graphene [22, 23], and
externally control the functionalities by light [24], temperature [25],
and an applied gate voltage [26]. More recently, a few THz
polarization devices have been proposed [27-29]. Zhao et al
proposed a tunable transmission THz waveplate based on the
electrically driving metasurface [28]. Luo et al. designed a
dynamically reversible and strong circular dichroism based on
Babinet-invertible chiral metasurface [29]. However, polarization
devices whose function is tunable in the THz band is still vary lacking.

In this paper, we design a tunable THz quarte-wave plate (TQWP)
by integrating a monolayer graphene with a metasurface consisting of
the anisotropic gold cross arrays for actively and completely controlling
the THz polarization state. The resonance characteristics of the cross
will be modulated when the Fermi energy of the graphene is changed
by an external voltage [30, 31]. A polarization state conversion from
right circular polarization undergoes right elliptical polarization, and to
linear polarization of 45° is achieved by changing the chemical potential
of graphene from 0 to 0.5 eV, in which the device is irradiated normally
by a linear polarized THz plane wave with a polarization angle of 45° to
the x-axis. We further achieved the THz polarization conversion from
left circular polarization state undergoes left elliptical polarization state,
and to linear polarized of 135" only making the device clockwise rotate
by 90".

DESIGN OF STRUCTURE

The tunable TQWP is designed as shown in Figure 1A. The
device is irradiated normally by a linear polarized THz plane

wave. After modulated by this device, the THz polarization state
is transformed to a circular state at first. Then, the polarization
state of THz is changed from circular polarization goes through
elliptical polarization and eventually returns to linear polarization
with a changed gate voltage that increases the Fermi energy of the
graphene. The tunable TQWP is consisting of three parts,
including the monolayer graphene, the metasurface, and the
silicon. The metasurface is composed of the anisotropic gold
cross arrays, as shown in Figure 1B, and the unit cell of the
metasurface is depicted in Figure 1C. The period of the unit cell is
100 um. The arm lengths of the cross are Lx =66 um and
Ly = 86 um, respectively. The arm width is w=9um. The
Finite-Difference Time-Domain (FDTD) method of simulation
software (FDTD Solutions, Lumerical Inc.) is used as the
simulation tool to calculate the electromagnetic field of the
THz wave. In the simulations, the graphene layer is modeled
as a two-dimensional (2D) graphene sheet, whose Fermi energy is
tuned by changing the graphene chemical potential. The silicon
with a refractive index of 3.4 is used as a substrate of the device.

RESULTS AND DISCUSSION

Numerical simulations are then carried out to confirm the
functions of the designed graphene composite metasurface.
Graphene is a great popular functional material in tunable
metasurface because the electronic characteristics are
controlled by external stimuli. In the THz region, graphene is
well described by the Drude-like surface conductivity as [32].
+ ZIn(e'”f/k"T + 1))

eszT ‘MC
ksT
(1

nh? (w - j2T)
where e, kg and % are universal constants representing the
electron charge, Boltzmann’s and Plank’s constant, w is the
working radian frequency, T is the room temperature, T
(T = n/27, where 7 is the electron-photon relaxation time) is
the scattering rate, and y_ is the chemical potential of the

Ugmphene (wa U T, T) = _j
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FIGURE 2| (A) Variations of the transmission amplitude components |Ey| (solid line) and |E| (dashed line) when the chemical potential of graphene was increased
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of 45° (square dotted line) and 135° (triangle dotted line) when the chemical potential of graphene was increased form 0-0.5 eV, respectively. (B) The phase difference
(@, — Dx) between the transmission components E, and E, for THz at frequency of 0.73 THz with incident polarize angle of 45° (square dotted line) and 135° (triangle
dotted line) when the chemical potential of graphene was increased form 0-0.5 eV, respectively.

e S 7 T _5:450
~ .",.-' gl
& 0.55"
<
g
2 0

05
0 01 02 03 04 05

o]

Chemical Potential (eV)

graphene. Therefore, the conductivity of graphene can be
controlled by changing the chemical potential in the
simulation, and the resonance characters affected by
conductivity of the composite metasurface are controlled. In
our simulation, the transmission characters were obtained for
different graphene chemical potential changed from 0.1 to 0.5 eV
by a step of 0.1eV.

Red lines in Figures 2A,B show the simulated transmission
amplitude components lEyl (solid line) and |E,| (dashed line) and
the difference between phase components &, and &, along the
two arms of the cross in the metasurface before the chemical
potential of the graphene is changed (Er = 0 eV), respectively. It is
found that there are two resonant dips in the transmission
amplitude components alone the two arms of the cross,
respectively. If we set our sights at frequency of the 0.73 THz,
we can observe that both the transmission amplitudes of the two
arms are 0.67, and the phase delay is 90°, which demonstrates that
a function of a quarter wave plate is obtained. When the chemical
potential of the graphene is increased to 0.5 eV, the transmission
amplitude components and the difference between phase
components are illustrated by the blue lines in Figures 2A,B,

respectively. Both resonant dips of the transmission amplitude
corresponding to the two arms are red-shifted. The transmission
amplitudes of the two arms are about 0.60 except for some
negligible differences between the two components at the
frequency of 0.73 THz, but the phase delay is reduced to 07,
which means that the polarization of the transmission THz wave
is back to the linear polarization state.

In order to show the variation process of the transmitted THz
polarization state along with the change of the graphene chemical
potential, we calculated the difference between the transmission
amplitude components, E},l - |Ex', and the difference between
the phase components, &, — @y, of the cross, respectively, at the
frequency of 0.73 THz, when the graphene chemical potential is
changed from 0 to 0.5 eV by a step of 0.1 eV. As shown by the red
lines in Figures 3A,B, the difference between the two
transmission amplitude components is almost zero, and the
phase difference between the two transmission components is
gradually changed from —7/2 to 0 7 at the incident polarization
with the polarize angle of 45°, which indicates that the
polarization state of THz wave changes from the right circular
polarization to the right elliptical polarization, and back to the
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FIGURE 4 | (Left column) The Stokes Parameters of the devices for the
different graphene chemical potential with the THz incidence polarize angle
45°and 135°, respectively. (Right column) The Poincare Sphere is used to
presents the polarization state of the device for different chemical

potential of graphene.

linear polarization with the polarize angle of 45°. As shown by the
blue lines in the Figures 3A,B, the difference between two
transmission amplitude components is almost zero, and the
phase difference between the two transmission components is
gradually changed from 7/2 to 7 only by rotating the sample of
90° clockwise, taking the z-axis as the center axis. In this situation,
the polarization of the THz wave changes from the left circular
polarization to the left elliptical polarization, and to the linear
polarization with the polarize angle of 135".

The polarization information of the transmitted wave can be
represented by the Stokes parameters [Sy, S, S, S3], in which
So = |EL + B[ S = |EJ* - |B[’, S = |Ec|#|E,|sin(A®), and
S, = |Ex|*’E},|*cos(A®) [28]. From the simulated amplitude and
phase of the both E, and E, components, we calculated the Stokes
parameters of the designed metasurface for different graphene
chemical potentials, as shown in Figure 4 (Left column). The

Active Control of THz Polarization

Poincare sphere is a way that can intuitively represents the
polarization state of light, in which the north point represents
the left circular polarization state, the south point represents the
right circular polarization state, the equator line represents linear
polarization state, the northern hemisphere represents the left
elliptical polarization state, and the southern hemisphere
represents the right elliptical polarization state, respectively.
Therefore, the Stokes parameters calculated above is then
represented by the Poincare sphere in Figure 4 (Right
column). It is easily to find that the polarization state of THz
incident with polarize angle of 45° is modulated from the right
circular polarization to the right elliptical polarization, and to the
linear polarization when the chemical potential is changed from 0
to 0.5 eV. Furthermore, the polarization state of THz incident
with polarize angle of 135° is modulated from the left circular
polarization to the left elliptical polarization, and to the linear
polarization. Therefore, the polarization of the THz wave can be
controlled flexibly and completely by the tunable TQWP
designed in this letter.

To further understand the physics underlying inside of the
proposed tunable metasurface, in Figures 5A,B, we stimulated
the energy distribution on the gold cross for different graphene
chemical potentials of 0 and 0.5 eV, respectively. As shown in
Figure 5A, the THz energy is uniformly distributing on the two
arms of the whole cross, respectively, the energy distribution on
the arm along with the x-axis is stronger than that on the arm
along with the y-axis, with energy intensity of 7 x 107" when
chemical potential of graphene is 0 eV. However, the THz energy
is mainly distributing the end of arms of the cross, when
the chemical potential of graphene is increased to 0.5eV, as
shown in Figure 5B. Furthermore, the energy intensity is reduced
to 5.7 x 107> which is much smaller than that energy intensity of
7 x 107", The above results indicating that interaction between the
THz wave and the gold antenna will be gradually suppressed
when the chemical potential of graphene is increasing, which
results in reduction of the difference between phase components.
Therefore, the polarization state of THz is actively controlled by
the designed metasurface alone with the variation of the graphene
chemical potential.
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-40-30 -20-10 0 10 20 30 40

-40-30 -20-10 0 10 20 30 40
X (um)

FIGURE 5 | (A,B) The THz energy distribution on the gold cross for graphene chemical potentials of 0 and 0.5 eV, respectively.
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CONCLUSION

In summary, we have demonstrated a tunable TQWP which is
realized by integrating the monolayer graphene with a metallic
metasurface. This composite device acts as a TQWP at the
frequency of 0.73 THz before the chemical potential of graphene
is changed, by which the polarization state of THz with incident
polarize angle of 45° to x-axis is converted from linear polarization
to circular polarization. When the chemical potential of the
graphene is increased from 0 to 0.5V, the polarization state of
the THz wave is converted from the right circular polarization to the
right elliptical polarization, and to the linear polarization state of
45°. And we further achieved the polarization conversion from the
left circular polarization state to the left elliptical polarization, and to
the linear polarization state of 135° by rotating the devise clockwise,
taking the z-axis as the center axis. A total polarization state
conversion is achieved by our composite metasurface. We hope
our work can further enriches the THz polarization devices, and
provide a new route for designing the tunable polarization devices.
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A 2 x 2 terahertz photoconductive antenna (PCA) array detector with high efficiency
synthesis characteristic that improves the signal-to-noise ratio (SNR) of the detected
signals has been reported in this paper. By processing the substrate material through a
special micromachining process, the current signal generated by the adjacent antenna
elements as opposed to that generated by the antenna gap is eliminated. Experiments
show that the amplitude of the current signal output by the PCA array detector is consistent
with the amplitude of the synchronous superposition of the current signals output by
antenna elements, and the synthesis efficiency of the device achieves 93.7%. At the same
time, the antenna array detector has low current noise, and its highest SNR is 62 dB under
the excitation of different light energy, which is related to the number of antenna array
elements.

Keywords: terahertz wave, antenna array, signal-to-noise ratio, synthesis, reverse current

INTRODUCTION

There are mainly two ways to detect terahertz (THz) time-domain waveforms: electro-optic (EO)
crystal and photoconductive antenna. The principle of the former is based on the Pockels effect of
crystals [1, 2]. A thinner EO crystal can provide a wider spectrum, but at the same time it leads to a
decrease in detection sensitivity [3]. Compared with the photoconductive antennas, the EO detection
requires more optical elements, higher cost and larger system size. THz waves detection by PCAs is
the inverse process of the THz waves generation by PCAs. The performances of large spectral width,
small size and ease of use make photoconductive antennas attractive for commercialization. In
addition, pasting a silicon lens on the back of antennas will improve the detector’s ability to collect
THz waves and obtain a higher SNR [4]. Although a single THz PCA has been widely used in THz
time-domain spectroscopy systems, it still has shortcomings in detecting weak terahertz signals and
improving the SNR. In theory, connecting multiple PCAs in parallel to form a PCA array detector
can make use of the THz electric field as much as possible to improve the SNR and detection
sensitivity of the PCA array detector. Although the PCA array detector with hundreds to thousands
antenna elements have been proposed and developed [5, 6], the synthesis efficiency of PCA array was
not discussed in detail in the previous work, which is important to improve the detection efficiency.
When the PCA array is used as a detector, it faces the same problem when it is used as an emitter.
That is, the photo-generated carriers generated in the substrate materials between adjacent antennas
move directionally under the action of the terahertz electric field, forming a current opposite to the
current generated in the antenna gap, the reverse current will reduce the generation efficiency of THz
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Terahertz Photoconductive Antenna Array Detector

irradiation by laser and terahertz wave.

FIGURE 1 | Construction and use of 2 x 2 photoconductive antenna array: (A) Design structure of 2 x 2 photoconductive antenna array. (B) Schematic diagram of
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waves. The same phenomena will also reduce the synthesis
efficiency of the PCA array detector [7]. At present,
techniques to avoid the reverse current between adjacent
antenna elements include employing shielding substrate
between adjacent elements or using a micro-lenses array to
split and focus the probe beams on the gaps [8, 9]. However,
electrons transition from the valence band to the conduction
band with the excitation of laser, the electrons generated in the
antenna gap still can move to other antenna gaps due to the
diffusion motion and the drift motion in response to the THz
electric field. Therefore, these solutions cannot fundamentally
solve the problem of reverse current between antenna elements.

In this work, a THz PCA array detector that eliminates the
reverse current between the adjacent antenna elements is
designed and fabricated, and its outstanding synthesis
efficiency and signal-to-noise ratio have been demonstrated by
comparing with a single antenna element.

ANTENNA DESIGN AND EXPERIMENTAL
SETUP

Antenna Design

The structure diagram of the 2 x 2 PCA array detector is shown in
Figure 1A. Its substrate is low-temperature-grown GaAs (LT-
GaAs) with a thickness of 1 um grown on (100) semi-insulating
(SI)-GaAs at 250°C using MBE system. AuGeNiAu electrodes
were deposited on the substrate by e-beam evaporation, and was
metalized by rapid annealing to form an ohmic contact. The
antenna element has a dipole length (L) of 250 um, a dipole gap
(g) of 50 um, a dipole antenna width (d) of 30 um, an electrode
width (w) of 370 um, and an electrode length (h) of 990 um. The
activation area of antenna element is 0.03 mm x 0.05 mm and
the distance between adjacent antenna elements is about 10 um.
The pickup circuit designed in the experiment can not only
output the synthetic signal of a PCA array detector, but also

each signal of each antenna element by connecting different
output ports.

Experimental Setup

In this paper, a THz time-domain spectroscopy system is used for
measure the performance of the THz PCA array detector. A Ti:
sapphire laser (Spectra-physics, MaiTai XF-1) with a center
wavelength of 800 nm, a pulse width of 70 fs, and a repetition
frequency of 80 MHz is used to excite the detector and the
emitting antenna. The LT-GaAs PCA emitter with a gap of
150 um was excited by a pump beam with the power of
200 mW and the voltage applied to the emitter was 300 V.
The polarization direction of the THz electric field was parallel
to the electrode gaps of the PCA array detector. The THz wave
was focused on the PCA array detector through an off-axis
parabolic mirror, and the diameter of focused THz beam
measured by the knife edge method is 2.09 mm. The probe
beam was focused to a spot with the diameter of 3 mm on the
PCA array detector. The THz pulse and the laser pulse illuminate
the PCA array detector vertically on the same side, as shown in
Figure 1B. The output signal was recorded by a lock-in amplifier
(SR830).

RESULTS

In order to explain that photo-generated carriers move freely
throughout the semiconductor, an unmicromachined antenna
array, which is similar to the interdigitated PCA detectors, was
used for the verification experiment, we focused the laser with a
power of 800 mW laser on the gap of one antenna element, and
the diameter of the focus is 93 pum, the dark state resistance of the
antenna was reduced from 1.1 GQ to several MQ. The resistance
of other antenna elements in the unlit area was reduced by two
orders of magnitude. In addition, the resistance between adjacent
antenna elements was also reduced by two orders of magnitude,
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indicating that the photo-generated carriers generated in one
antenna gap are not limited to movement in this antenna gap. On
the contrary, due to the THz electric field, the reverse current can
be formed between the adjacent antenna elements, which causes
the synthesis efficiency of the PCA array detector decrease.
Therefore, the masking process between the array elements for
the interdigitated PCA array detector cannot prevent the reverse
current between the array elements. In this experiment, we
cutting the substrate material of adjacent elements by high
power laser, and rearranged the elements with proper distance
to eliminate the reverse current between adjacent antenna
elements, and the photo-generated carriers generated by the
antenna elements were restricted from moving to other
antennas. When one antenna element was triggered by laser,
the resistance of other antenna elements does not change.
When the PCA array detector was excited by the probe beam
with the power of 120 mW, the THz time-domain waveforms of
the each antenna element and PCA array detector are shown in
Figure 2A. The amplitude of THz time domain waveform of the
PCA array detector is far greater than that of the antenna
elements A, B, C and D when they work alone. Due to the
difference of the antenna elements’ performance and the uneven
irradiation of laser and THz waves, the amplitudes of the time-
domain waveforms output from each element antenna are
different. At the same time, there is a time difference among
the waveforms of antenna elements, and the largest one is about

300 fs between A and D. The reason is caused by the optical path
difference between the probe beam and the THz beam received by
each antenna element.

In addition, the bandwidth of the PCA array is same as that of
the antenna elements. The resonant frequency of the antenna
elements is the same as that of the antenna array, and all of them
are 0.25 THz, which is marked in Figure 2B.

The output photocurrent of the PCA array detector under
THz wave excitation can be calculated as,

Ji(t) =eu J Eqy, (F)N; (¢ —t")dt'

Where, e is the electronic charge, y is the electron mobility of LT-
GaAs, Epy, is the incident THz electric field, and Nj(t) is the
number of photo-generated carriers on the i photoconductive
antenna element. Due to the low carrier lifetime of LT-GaAs,
Ji(t) o< Ey, [10, 11]. Since the PCA array detector is a parallel
structure, the theoretical output current is:

Tarmay () = Y Ji(8)

i=1

Where n is the number of element antennas, Jara,(t) is the
current output by the PCA array detector, Y1, Ji(t) is the
synchronous superposition of the output current when that
each antenna element works independently, as shown in
Figure 2C. But in the experiment, Jarqy(t) is always smaller
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TABLE 1| The amplitude and RMS noise of the time domain signal of the antenna
elements and the array detector.

Antenna Amplitude (A) RMS noise (A) SNR
Unit A 2.55624E-10 4.40724E-13 55
Unit B 2.37891E-10 8.67724E-13 49
Unit C 2.8485E-10 9.18471E-13 50
Unit D 1.96796E-10 7.01004E-13 49
Antenna array 8.5384E-10 6.45848E-13 62

than Y, Ji(#). Since there is no reverse current between adjacent
antenna elements, Jaray (£) /3.1, Ji(t) is the synthesis efficiency of the
antenna array, and its efficiency reaches 93.7% in this paper. Since
there is no reverse current between adjacent antenna elements, the
time-domain signal output by the PCA array detector is
approximately equal to the synchronous superposition of the
time-domain signal output by all antenna elements.

Generally, the output noise current of the photoconductive
detector mainly comes from Johnson-Nyquist noise and shot
noise [12, 13]. The root mean square (RMS) value of the noise
current output form the symmetrically pumped PCA array
detector is as follows:

Terahertz Photoconductive Antenna Array Detector

4k T
hvl?
'Ie(Tn.”n + TP.up)PO

Af

i = \[4ks TG, (£)Af =

where kg is the Boltzmann constant, T'is operation temperature in
kelvin, hv is the energy of the probe photons, #, is the
photoconductor external quantum efficiency, 7, and 7, are
lifetimes of electrons and holes in the semiconductor, p, and
tp are electron and hole mobility, P is the DC component of the
envelope surface of the optical probe, and Af is the detection
bandwidth. The data of RMS noise of the antenna elements and
PCA array are listed in Table 1. The noise of the array antenna is
lower than the average noise of the elements, that means the PCA
array plays the role in reducing the overall noise.

Figure 3A and Figure 3B show the time-domain waveforms
and frequency-domain spectra detected by the PCA array
detector under different probe power, the signal amplitude
increases with the increase of the probe power. When the
probe power is only 1 mW, the PCA array detector still shows
a good response curve. When the probe power increases from
ImW to 120 mW, the THz linear increases. When the probe
power is greater than 120 mW, the amplitude tends to be
saturated. This saturation is caused by the screening effect,
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which is related to the carrier density generated on the GaAs
surface. The influence of the screening effect on the PCA emitter
has been reported [14, 15], and its influence on the PCA detector
can be expressed as [16].

E() = B (0~ 0

Eqp.(t) is the incident THz electric field, € and « are the dielectric
constant and geometric factor of GaAs, respectively. P(t) is the
polarization caused by the separation of electron-hole pairs, and it
increases as the density of photo-generated carrier increases. The
detection bandwidth of the PCA array detector is about 2.5 THz,
which is the same as that of a single antenna. At the same time, the
noise data of the detector was measured while the terahertz source
was working normally. The SNR is proportional to the laser
power when the probe power is lower than 120 mW, and the
maximum SNR of the detector reaches 62 dB at 120 mW. When
the power of probe beam exceeds 120 mW, the noise of the
detection current increases and the SNR decreases due to the
carrier shielding effect, as is shown in Figure 3Cand Figure 3D.

CONCLUSION

In summary, we proposed a PCA array detector with high
synthesis efficiency. According to experimental verification
and theoretical analysis, the reverse current between the
array elements is eliminated, and the synthesis efficiency of
the PCA array detector reaches 93.7%. At the same time, the
results show that the detector has a low noise, which is lower
than the average noise of the elements. The bandwidth of the
PCA array detector is about 2.5 THz. Within the probe power of
0-120 mW, the THz amplitude of detector shows a linear
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Discharge gases have been used to detect terahertz (THz) waves, however, there are few
relevant theoretical studies. The neon glow discharge model is established by COMSOL
Multiphysics software, the characteristics of glow discharged neon and the interaction of
the discharged gas with THz waves were investigated. The results show that with the
increase of THz wave’s frequency, the transmittance increases, the change of plasma
discharge characteristics caused by THz wave can be used for THz wave detection. The
results provide a theoretical basis for the development of cheap, room temperature THz
wave detector with fast response speed, and high sensitivity.

Keywords: terahertz wave, neon gas, glow discharge, COMSOL multiphysics, theoretical study

INTRODUCTION

Terahertz (THz) radiation spanning from 0.1 to 10 THz falls between the microwave and infrared
spectral ranges [1]. In recent years, THz technology applications have been rapidly expanding in
areas including nondestructive material evaluation, imaging, sensing, and wireless communication
[2]. In the development of THz technology, how to detect THz radiation efficiently is of great
significance to the progress of THz technology.

At present, commercial room temperature THz detectors, including Golay cells, pyroelectric
detectors and Schottky diodes, have the disadvantages of slow speed, limited bandwidth or high
price, so they are difficult to be widely used in THz community [3]. In 1952, the glow discharge
plasma was used to detect microwave radiation [4]. It was later discovered that glow discharge
plasma can also be used for detection in THz, infrared and ultraviolet bands ( [5, 6]). The glow
discharge detectors (GDD) based on commercial neon lamps are potential detectors with high
sensitivity. In addition, the use of glow discharge plasma to detect THz radiation has the advantages
of low cost, wide dynamic range, wide spectral range, room temperature operation, and simple
use [7].

The interaction between gas discharge plasma and electromagnetic waves has been investigated in
the infrared and microwave bands [8-13]. These preliminary studies have shown that far infrared
radiation with relatively high field amplitudes can be detected by GDDs, and the detection
mechanism is attributed to the incident far infrared radiation increasing the energy of the
plasma, which increase the discharge current. The detection of THz radiation by GDDs can be
explained by the interaction of THz wave and plasma in discharge gases. Since the frequency of the
glow discharge plasma in a commercial neon lamp is about a few GHz [7], the plasma is almost
transparent to the incident THz radiation. In the neon lamp, the strong electric field of the applied
voltage will cause the electrons to move from the cathode to the anode, the incident THz wave is
absorbed by free electrons and this process cause the discharge current to slightly changes, the sign of
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FIGURE 1 | 2D structure of gas discharge model.

the change depends on which of the enhanced ionization and
enhanced diffusion mechanisms is dominant in the detection
mechanism [14]. Ref. 15 have shown that the main mechanism
for detecting THz radiation with GDDs is to enhance cascade
ionization, which causes an increase in discharge [15]. The
transmission of THz wave decreasing with increasing bias
voltage for certain frequencies [16].

Discharged Neon and THz Waves

TABLE 1 | Reaction formulas and reaction types in discharge process of

neon gas.
Reaction formula

e+Ne—e+Ne
e+Ne—e+Ne*
e+Ne*—e+Ne

e+ Ne— 2e + Ne®
e+Ne—e+Ne"

Ne* + Ne* — e + Ne + Ne*
Ne* + Ne — Ne + Ne

Reaction type

Elastic collision
Excitation
Excitation
lonization
lonization
Surface reaction
Surface reaction

Energy loss

16.62
-16.62

21.56

4.92

In this paper, we provided a theoretical basis for the
development of a new type of THz wave detector based on
neon glow discharge by investigating the characteristics of
neon glow discharge and its interaction with THz waves.

CHARACTERISTICS OF NEON DISCHARGE

2D Neon Discharge Model

In this work, we use the plasma module in COMSOL
Multiphysics software to establish the neon discharge model,
and obtain the plasma characteristic parameters and electric field
distribution parameter diagram, and verify whether the model
realizes the glow discharge and the feasibility of the model by
comparing with the existing theoretical and experimental results.
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Frontiers in Physics | www.frontiersin.org

September 2021 | Volume 9 | Article 751335


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Hou et al.

Discharged Neon and THz Waves

A t=1E-85 Surface: Electron temperature (eV) o B t=1E-6s5 Surface: Electron temperature (eV) o
mm T T T T mm
9 - 9+ 1
8SH ~ 8SH -
8 4 8k 4
75+ 1 14 75}f 1
o | ] x| | ] 25
6st 4 12 65t 4
6 1 6 1 20
ssh 4 55tk 4
sk 4 10 sk 4
45k - asE 4 15
s 4 8 4 4
ssh 1 ssh 4 10
3k . 3k . =
2s5h - 6 25h E
2t 4 2t 4 s
15t 4 p 1sf 4
1+ 4 1+ 1
L ) ) ) \ ) ) ) ) L
4 -2 0 2 4 mm 4 -2 /] 2 4 mm
t=1E-4s Surface: Electron temperature (eV) o t=1E-2s Surface: Electron temperature (eV) o
mm T T T T T mm T T T T T
s} 4 st 1
sst 4 450 85tk 4 4s0
8- 8 4
25l | 400 75l ] 200
7+ 1 350 7F ] 350
651 4 65h 1
6 1 300 6 1 300
ssth 4 ssh 1
st 4 250 st 1 250
454K - 454 -
Wk 1 200 ok ] 200
35 1 150 3.5 1 150
3k 4 3k 4
2st 4 100 25t 1 100
2} 4 2k 1
1sk J s0 15k J s0
1+ 1+ 4
1 A { 3 A
-4 -2 0 2 4 mm -4 -2 0 2 4 mm
FIGURE 3 | Electron temperature distribution at different times. (A) t = 1.0 x 1078s; (B) t = 1.0 x 107%s; (C) t = 1.0 x 10™*s; (D) t = 1.0 x 102s.

Assuming that the system is in an ideal plasma environment,
the plasma discharge area is filled with pure neon gas. A two-
dimensional axisymmetric model was established as shown in
Figure 1. The outer length of the model is 6mm and the width is
8mm. The white rectangles on the upper and lower sides are
electrodes. The length is 4mm, the width is 0.5mm, and the
electrode spacing is 6mm. The gray area between two electrodes is
neon discharge area, the gas inside the plate is divided into outer
region and inner region. Because the fluid does not distinguish
between internal and external boundary, errors are easy to occur
in calculation if the electrode is set to a metal. Due to this reason
the electrodes regions were “hollowed out”.

The discharge area includes discharge module, particle drift
diffusion module and energy module.

Discharge module: Neon’s discharge region includes four
kinds of particles, namely electron (e), neon atom (Ne),
metastable neon atom (Ne*) and neon ion (Ne'). In the
calculation of the variation of the dynamic parameters of the
gas discharge system, the particle collision of Ne and Ne*,
including elastic collision, excitation and ionization, and the
surface reaction on the electrode surface should also be
considered. The reaction formulas and reaction types are
shown in Table 1.

Ion drift diffusion module: it contains the electron drift
diffusion equation and the input of model parameters, the
setting of gas temperature, gas pressure and reduced electron
mobility parameters.

Energy module: it includes insulation surface, initial value,
metal contact (anode), grounding (cathode), dielectric contact,
wall, as so on. The initial value is the initial electron density
and the applied voltage value. Metal contact include the setting
of type setting and circuit type setting. The circuit types
include RC circuit, ballast resistance, DC isolation
resistance and DC isolation capacitor. In this paper, we
choose RC circuit.

Simulation Results of Neon Discharge
Characteristics

According to the volt-ampere characteristic curve of gas
discharge, at first, due to the migration movement of
electrons and positive ions, a small current is generated in
the discharge tube, and the space charge formed by positive
ions is conducive to the movement of electrons towards the
anode in the tube. As the electrons slowly gather at the anode,
they collide and ionize frequently with the gas atoms near the
anode, and a large number of electrons and positive ions
generate. The electrons continue to collide with the gas
atoms, and the positive ions move to the cathode under the
action of the electric field, bombard the cathode and emit
secondary electrons, which then collide with the gas particles.
And finally the discharge reaches a stable state.

In the 2D Neon discharge model, the electrode spacing is set to
6mm, the discharge voltage is 200V, and the initial plasma density
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is 1 x10"®>m™, and the resulting trend distribution of electron
density, electron temperature and electric potential are shown in
Figures 2-4.

Figure 2 shows the distribution of electron density at different
time. In Figure 2A,whent=1.0x 1078, a large number of
electrons and positive ions are generated near the anode due
to the collision between electrons and gas atoms, and the electron

density is relatively high. In Figures 2B,C, fromt = 1.0 x 107%s
tot = 1.0 x 10™*s, the positive ion moves to the cathode under the
action of the electric field, the cathode produces secondary
electrons under the bombardment of the positive ion, and the
electron density near the cathode is increasing. In Figures 2C,D,
after when t = 1.0 x 10™*s, the electron density near the cathode
reaches the maximum value, until whent=1.0x 10725, the
electron density distribution does not change any more, and
the discharge reaches a stable state.

Figure 3 shows the distribution of electron temperature at
different time. Electron temperature is used to describe the
thermal energy of particles. In Figure 3A, when
t = 1.0 x 10785, electrons continue to move to the anode under
the action of the electric field, and the temperature of the electron
near the anode is relatively high. In Figure 3B, when t = 1.0 x
107%s, due to the bombardment of positive ions on the cathode, a
large number of electrons are generated near the cathode, which
increases the temperature of the electrons near the cathode. The
electrons reach the anode from the cathode under the bias electric
field. In Figure 3C, whent = 1.0 x 107%s, the electron’ energy
decreases due to collision. Until Figure 3D, when t = 1.0 x 107%s,
there is no change in the electron temperature distribution, and
finally the discharge reaches a stable state.

Figure 4 shows the distribution of electric potential at different
time. In Figure 4A, when t = 1.0 x 10785, the discharge has just
begun, and the electric potential distribution is linear between the
two electrodes. In Figures 4B,C, with the increase of secondary
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FIGURE 6 | Electric filed intensity distribution of discharge interval (left column) and the distribution of THz electric field along the horizontal line of y = —=2.5 mm
after it passing through the discharge region (right column) at different THz frequencies. (A,B) f = 0.1THz; (C,D) f =0.2THz; (E,F) f = 0.3THz.

electrons emitted by the cathode, the voltage drop gradually
approaches the cathode. In Figure 4D, whent = 1.0 x 1072s,
there is no change in the electric potential distribution and a
stable state is reached.

According to the analysis of simulation results, our model is
consistent with the glow discharge theory, so the model can be used
to simulate a gas glow discharge. In our simulation, we have
simulated the glow discharge respectively when the electrode
spacing is 3mm, 4mm, 5mm, 6mm and 7mm, the discharge
voltage is 50V, 100V, 150V, 200V and 250V, the initial electron
density is 1 x 10!'m™, 1 x 10m™ and 1 x 10"°>m™>, respectively.

And we found that the neon gas glow discharge is the most stable
when the electrode spacing is 6mm, the discharge voltage is 200V,
and the initial electron density is 1 x 10m™.

SIMULATION OF INTERACTION OF NEON
DISCHARGE AND THZ WAVE

Simulation Model
Based on the results of part 2, we established the interaction
model of neon gas and THz wave as shown in Figure 5. The
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model is divided into five regions. Region one is the incident
region; region 2 is the transmission region with a size of
6mm x 2mm; region 3 is the cathode which is grounded;
region four is the anode which is connected to the bias
voltage, and the size of regions 3 and four is 0.5mm X 4mm;
region 5 is a gas discharge area with a size of 6mm x 4mm. THz
radiation perpendicularly incident to the discharge area.

The Influence of Frequency of THz Waves
on Glow Discharge

We suppose that the electric field is no loss in the incident area. When
the THz wave illuminates the discharge area, the part of incident
energy is absorbed by the electrons, which will enhance the
interaction between the charged particles and the neutral particles
in the discharge area. The temperature of the electrons rises to the
extent that new electrons can be generated through ionization, and
the jonization rate is increased. With the increase of the kinetic energy
of electrons, the ionization rate and the number of electrons increases,
which increases the frequency of collisions between electrons and
neutral particles. The effect of frequency on the interaction between
THz wave and plasma was investigated by simulating the electric field
distribution of THz wave with different THz frequencies before and
after passing through the neon discharge region. The simulated
results are shown in Figures 6A,C,E.

Take a horizontal line parallel to the discharge section at y =
—2.5mm in Figure 5, and then get the distribution of THz electric
field along the line after it passing through the discharge region.
The distribution curves of electric field intensity are shown in
Figures 6B,D,F which illustrates the energy changes of the THz
wave after passing through the discharge region.

When the THz wave enters the discharge region, the plasma
absorbs the energy of the THz wave to improve its internal
energy, collision frequency increases, and a large number of
electrons, neon ions and excited neon atoms are constantly
produced. After that, high-energy electrons and excited neon
atoms are consumed in large quantities, new electrons generated
and the electron density in the discharge region increases. The
external energy input is difficult to maintain the frequent and
violent inelastic collision reaction, and the plasma gradually
reaches a new balance. It can be seen from the Figure 6, the peak
value of the electric field intensity distribution curve is
increasing and different peaks appear. The reason is that the
interaction of electrons and neutral particles in the plasma is
strengthened, which leads to the decrease of energy absorbed by
electrons from THz waves with the increase of frequencies. The
transmittance of THz wave increases in the discharge region,
and the electric field intensity increases in the transmission
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Self-mixing interference (SMI) in terahertz quantum cascade lasers (THz QCLs) is one of the
significant approaches for coherent THz imaging and sensing techniques. Here, the output
characteristics of SMI in distributed feedback (DFB) THz QCLs from the index-to the gain-
coupling regimes are studied using the coupled wave theory and the multi-mode rate
equation method. A mode hopping phenomenon is found to occur when the DFB coupling
factor changes from index-coupling to gain-coupling, and the characteristics of the self-
mixing signals of DFB-QCLs change greatly with this mode hopping. With the modulus of
the coupling factor fixed and its argument varied from O to /2, an extreme point of the self-
mixing frequency and power signals of DFB-QCLs is found at n/9 due to the mode
hopping. For index-coupling dominated DFB-QCLs, both the varying ranges of the self-
mixing frequency signals and amplitudes of power signals increase with increasing DFB
coupling factor argument. For gain-coupling dominated DFB-QCLs, with increasing
argument value, the amplitude of the self-mixing power signal increases, but the
varying range of the self-mixing frequency signal decreases. With the argument of the
coupling factor fixed, we also found that the varying ranges of the self-mixing frequency
signals decrease with increasing modulus for both index-coupling dominated and gain-
coupling dominated DFB-QCLs. For index-coupling dominated DFB-QCLs, the
amplitudes of the self-mixing power signals decrease with increasing modulus;
however, the amplitudes of the self-mixing power signals of gain-coupling dominated
DFB-QCLs increase. With the argument of the coupling factor fixed, for index-coupling
dominated DFB-QCLs, we found that the varying ranges of the self-mixing frequency
signals and amplitudes of power signals decrease with the increasing modulus. For gain-
coupling dominated DFB-QCLs, with the coupling factor modulus increasing, the varying
ranges of the self-mixing frequency signals decrease, however, the amplitudes of the self-
mixing power signals increase. These results may help with the application of DFB-QCLs to
self-mixing interferometers.

Keywords: terahertz, quantum cascade lasers, self-mixing interference, distributed feedback, coupled wave theory,
multi-mode rate equation method
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1 INTRODUCTION

Terahertz Quantum cascade lasers (THz QCLs) are compact and
coherent THz light sources that generate optical transitions
between conduction subbands in semiconductor multiple-
quantum-well structures [1]. Together with their unipolar
nature and wide coherent sensing range, QCLs can meet the
increasing needs of applications in materials imaging, THz
communication technology, atmospheric science, spectroscopy,
and frequency metrology [2].

Self-mixing interference (SMI) (also known as laser feedback
interference) is a sensing method that uses measurements of the
change in the operating parameters of the laser under optical feedback.
In contrast to traditional sensing systems, which employ the laser as a
source and an optical interferometer to split and recombine the beam,
SMI is based on the interaction of the in-cavity field with the back-
scattered field from a target, which induces a modulation in amplitude
of the optical emission frequency, power, and terminal voltage [3]. The
use of SMI in THz QCLs has been studied in-depth, and it could be a
promising solution for THz sensing of displacement, vibration, and
velocity, and 2D/3D THz imaging [4]. Under optical feedback, QCLs
can maintain a more stable working state than diode lasers because of
the absence of relaxation oscillations. This is attributed both to high
photon-to-carrier lifetime ratios and a negligible linewidth
enhancement factor (« < 1) [5, 6].

Typical SMI prefers a stable, single-mode laser with low
linewidth, which makes the data processing in a concise way.
However, most Fabry-Pérot (FP) QCLs work with a broad
emission linewidth in a multi-mode regime. Common
candidates are distributed feedback quantum cascade lasers
(DFB-QCLs) incorporating a first-order Bragg DFB grating into
a standard QCL waveguide, which can provide more strictly single-
mode emission with a high side mode suppression ratio (SMSR)
[7-9]. Moreover, based on a second- or fourth-order Bragg
gratings, some researches achieved high power surface emitting
THz QCLs [10]. Rencently, a new model was designed to predict
resonant mode characteristics of THz QCLs with a first, second,
and third-order DFB-QCLs [11]. And wavelength beam-
combining of four terahertz THz DFB-QCLs is demonstrated
using low-cost THz components [12]. Base on the self-mixing
technique, an experiment has been made to measure the linewidth
enhancement factor a [13]. A newest experiment has made an
extensive study of the linewidth enhancement factor o of a DFB-
QCL, and it used the SMI technique to obtain « factors for current
biases up to more than 100% of the threshold current [14].
Typically, the DFB gratings are either purely index coupled,
purely gain coupled, or complex coupled, according to
adjustments in the etching process based on theory and
experience. From this point of view, some early studies
investigated the properties of SMI in index-coupled diode lasers
using the coupled wave theory, and the results show that the
cosine-like self-mixing signal is similar to that from a single-mode
FP laser [15, 16]. Furthermore, some studies also have shown that
SMI sensors based on gain-coupled DFB lasers exhibit high
accuracy [17]. However, a DFB laser with a grating etched into
its upper cladding layer has an increased waveguide loss through
the top contact layer, and this may in turn decrease its performance

Self-Mixing in Distirbuted-Feedback Terahertz Lasers

[18]. Recently, as a result of their performance, complex-coupled
DFB-QCLs have received considerable attention in terms of both
theory and experiments; in contrast to FP-QCLs and index-
coupled DFB-QCLs, they have a reduced threshold current
density and an increased power output via the introduction of
built-in longitudinal modulation of the optical gain [19, 20].

A complex-coupled DFB THz QCL has a DFB grating etched
into the top surface of the active region across the upper cladding
layer; therefore, these devices have mixed index and gain coupling,
and they also have a complex coupling factor [18]. Complex-
coupled and gain-coupled DFB lasers have shown significant
improvements in some studies in terms of reduced spatial hole
burning and enhancement of modulation bandwith [18, 21]. In
addition, experimental and theoretical works have also reported
that complex-coupled and gain-coupled DFB lasers with a very
large gain coupling show the potential for lower feedback
sensitivity when compared with other DFB lasers [22, 23].

As noted above, complex-coupled and gain-coupled DFB lasers
are more appropriate for use in SMI systems, especially in the case of
weak optical feedback. However, in experiments, it is difficult to
fabricate pure gain-coupled gratings because variations in gain cause
variations in carrier density, which in turn cause variations in
refractive index. In experiment, the complex coupling of DFB-
QCLs has been attainable by chemical wet etching of the top
contact layer to a certain depth, with the DFB grating etched
close to the active region [24]. Recent studies on complex-
coupled DFB-QCLs have reported that they exhibit excellent
performance, with  high-power  continuous-wave, room
temperature operation, and single-mode emitting with a high
SMSR [25, 26]. However, there have so far been few in-depth
studies of the dynamics of complex-coupled DFB-QCLs. In
particular, the differences between complex-coupled and index-
coupled DFB-QCLs in terms of their response rules for optical
feedback are in need of detailed investigation.

The Lang-Kobayashi (L-K) equations are generally employed
to study the dynamical behavior of SMI in FP-QCLs. However,
the L-K equations cannot be simply applied to DFB-QCLs under
optical feedback, despite the fact that several studies have used
modified L-K equations to this end [17]. Here, we use the coupled
wave theory to describe the mode-coupling phenomenon and
calculate the emission power of complex-coupled THz DFB-
QCLs under SMI using the multi-mode rate equation method.
This model was implemented in our early study on SMI in index-
coupled DFB-QCLs with a purely real index-coupling factor [27].

The remainder of this article is organized as follows. In Section
2, the coupled wave theory and the multi-mode rate equation
method for the simulation of SMI in DFB-QCLs are presented. In
Section 3, the basic output characteristics of SMI in DFB-QCLs of
pure index coupling, complex coupling, and pure gain coupling
are discussed. Finally, Section 4 presents our conclusions.

2 THEORETICAL MODEL OF SMI IN THZ
COMPLEX-COUPLED DFB-QCLS

The coupled wave theory is an important method for simulating
the longitudinal modes distributed in a DFB structure. Figure 1
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FIGURE 1 | Schematic of a DFB-QCL with an external target and an equivalent reflection coefficient rb.
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TABLE 1 | Parameters used in the calculations.

Parameter Symbol Value
First-order Bragg grating period A 1.59 x 10° cm
Laser length L 0.3cm
Number of gain stages 4 100
Initial distance from z; to z» Lex 47 cm
Linewidth enhancement factor o 0 [36]
Effective refractive index Neft 3.63
Peak gain frequency 70 2.6 THz
Confinement factor r 0.5
Spontaneous emission factor B 5x107*
Laser waveguide loss 1/t 1/7.57 ps™'
Differential gain coefficient G 1.41 x 104~
Injection current Iin 300 mA
Scattering lifetime from N3 to Ny T30 2.10 ps [31]
Scattering lifetime from N3 to N, T34 7.00 ps [31]
Scattering lifetime from N, to N, Toq 0.26 ps [31]

shows a schematic drawing of a complex-coupled DFB-QCL
with a first-order grating, which mainly radiates in the vicinity
of Bragg wavevector f3y = 27/(Aneg), where A is the grating
period, and n.g is the effective refractive index of the medium.
Generally, the first-order grating for a QCL is pure real index-
coupled grating or complex-coupled one with a small imaginary
part that depends on the etching depth. At least in theory, there are
also gratings with a pure imaginary coupling factor, ie., gain-
coupled gratings, although they are not common for QCLs.

In accordance with the coupled wave theory, starting from the
scalar wave equation and using small-perturbation assumptions,
the coupled wave equations are given as [22]:

aI;LZ) =i(k - B,)F (2) +ixppB(z2), W
_alé(zZ) =i(k - By)B(2) + ixgpF (2), @

where F(z) is the forward-running envelop wave and B(z) is the
backward-running envelop wave. These two counter-running
waves grow from the presence of gain, and they feed energy
into each other due to Bragg scattering. The parameter k is the
wave vector inside the medium of the laser and « is the coupling
factor, which measures the coupling strength between F(z) and
B(z). For a complex-coupled DFB-Laser, x is considered as a
complex number satisfying

* .
KrB = Kpp = Kindex 1 1Kgain (3)

with Kindex and Kgain being real numbers measuring the coupling
strength of the index and gain coupling of the grating,

respectively. The laser modes in the cavity match the
boundary conditions

F(0) = r,B(0) (4)
B(L) = r,F(L), (5)

where L is the length of the laser cavity, and r; and r, are the
reflection coefficients of the laser facets. From Eqs 1-5 we get

(V + 7’1) (Y + 7"2) e,zﬁ /(k,ﬁo)l,sz -1 (6)
(L+7p) (1 +12y) ’

where we adopt the expression of & = Kingex + iKgain from Eq. 3,
and y = x/ (\/(k = By)? — &% + k- B,). From Eq. 6, we can solve
the complex wave vectors k indicating the modes existing in the
laser cavity. In accordance with the expression k = koneg + gy, we
can calculate the emitting wave vector k, in free space, the
effective refractive index g and the threshold gain gth for
each mode.

As illustrated in Figure 1, when a target with reflection
coefficient r; reflects part of the light back into the laser
cavity, on the consideration of weak optical feedback (r,r;
<« 1), we introduce an equivalent reflection coefficient to
the emitting facet of the laser, describing the effect of SMI
as [28]

ry=r,+ (1 - r%)r3e’2ik°Le‘, (7)

where L., is the distance from the laser emission facet to the
target. In the case of strong optical feedback level, we suggest to
refer to the expression of the equivalent reflection coefficient in
[29]. From Eqs 6, 7, we can solve the wave vector k, and the
corresponding threshold gain gth with the influence of self-
mixing feedback, and simultaneously solve the corresponding
envelop waves F(z) and B(z). We can then obtain the self-mixing
frequency signal with the formula

Ay = Y1 — Yo (8)

where v;is the mode frequency with optical feedback and vy, is the
solitary mode frequency.

In addition to the frequency signal, we use the multi-mode rate
equation method to calculate the self-mixing power signal
[30, 31]:

ds; I'S; N; N;
D= Zgs - e zp[ 2+ 22, 9
dt o 7 * ﬁ(ﬁz ! T31 ©
dN; I, N; N;
f¥3 _Zim Vs N3 S,
di 4 Tm Zgz 1 (10)
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dN2 N3 N2

= —— — S)
TR Tm+;gzz 11)
le:&+&_Nl (12)

,
dt 13 Ty Tow

where: §; is photon number of mode [; N3, N,, and N; are the
carrier numbers in the upper radiative, lower radiative, and
collector levels, respectively; Z is the number of gain stages in
the QCL; g is the mode gain; I' is the confinement factor; 7; is
the photon lifetime; B is the spontaneous emission factor; 7;; is
the scattering lifetime between levels i and j; I, is the injected
current into level 3; g is the electron charge; and 7, is the
lifetime from level 1 into the subsequent miniband. The mode
gain g, = G (N53-N,), where G is the differential gain coefficient.
In this study, we use the assumption of no carrier losses
between the subsequent stages with N/7Toy = Iin/g. In
order to gain a better understanding of the mode
competition derived from the DFB grating structure with
optical feedback, we assume that the value of g is the same
for the total modes in the laser cavity. The photon lifetime is
written as

1

where: 7,, is the waveguide loss, which is the same for the total
modes; and 7/, is the lifetime of a mode within the laser cavity due
to mirror loss [30]

Z1+Lex

[2<U@)>dz+ [(7 <U(2)>dz
. 2 zzo 2 27 (14)
2,[2m[IB(z0) (1 =r)* + [F (2 (1= 1)

in which the energy density

Tf/n (Lex) =

<U(2)> =2emn(2)*[IF(2)I” + IB(2)*], (15)

where €, po, and ny are the dielectric constant, permeability, and
refractive index of a vacuum, and n(z) is the refractive index at
coordinate z.

From Eqs 9-12, the optical power P, is obtained as [32]

Py =S (1 = R)c/ (L - ne), (16)

where hv, is the photon energy and R is the reflectivity of the
output facet. We can then obtain the self-mixing power signal by
the formula

AP =P, - Py (17)

where P; and Py are the optical power with and without optical
feedback, respectively. It should be also noted that we assume the
linewidth enhancement factor « = 0 for THz QCLs [5].
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3 RESULTS AND DISCUSSION

We assume the facet reflection coefficients to be r; = r, = 0.5 [33]
and r; = 0.001 [3], and the initial distance L., = 47 cm from z; to
2z, which is a typical precondition in the application of SMI.
In addition, the reflection coefficient of the emitting facet can be
changed by the optimized reflectivity facet coatings [9]. Based on
the  definition of the feedback parameter C =
(1- r%)mLex/ (rLngg) in the L-K equations, the above
parameters correspond to C = 0.07 which is within the weak
feedback regime. The feedback parameter C is a typical parameter
being chose in the theory and experiment studies of the self-
mixing interference [34, 35]. Because of L. /L being nearly
unchanged if the target moves several wavelengths (AL, <«
L., and L), we use the reflection coefficient r; to describe the
optical feedback strength in our investigation. Unless stated
otherwise, the parameters used in the calculations are those
presented in Table 1.

3.1 Mode Hopping From Index Coupling to
Gain Coupling

Figures 2A-C illustrate the time evolution results of the DFB-QCLs
under self-mixing feedback. Here, we analyze the three cases of DFB
coupling factors x = 4, 4 + 0.5, and 4 + 4i cm™', which represent a
pure index-coupled DFB-QCL, and a complex-coupled DFB-QCL
with a weak gain-coupled part and a strong gain-coupled part,
respectively. The time evolution simulations took an average of
05 ns to reach a steady state in these three cases. The
corresponding output power spectra were obtained, and these are
shown in Figures 2E-G for nine modes in the vicinity of first-order
Bragg frequency. In Figures 2E-G, the numbers from —4 to 4 indicate
the modes from the Bragg frequency to the side modes. It can be seen
that the maximum power mode changes from mode 1 to mode 0
when the value of the imaginary part of the DFB coupling factor is
increased from 0.5i to 4i. This mode hopping phenomenon occurs
with the DFB-Laser changing from index-coupling dominating to
gain-coupling dominating, as demonstrated in an early study [37].
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Our simulations demonstrate that mode hopping also takes place in
DFB-QCLs with SMI. By further examining the SMI signals, it can be
seen that the characteristics of the SMI of DFB-QCLs also change
with the occurrence of mode hopping.

Figures 2D,H show the self-mixing frequency and power
signals of the maximum power (MP) mode of the DFB-QCLs
with the three different values of k. The plots show that the self-
mixing signals have cosine-like waveforms. It should be noted here
that we only show the self-mixing signals of the MP mode because
the power of this mode and the total power of all the modes in the
cavity are nearly equal for a stable single mode DFB-QCL. In the
next section, we will show both the power signals of the MP mode
and total modes in detail. We also found that the initial phase of the
self-mixing signal shifts with k. The variation in the varying range
of the self-mixing frequency signals and amplitude of power signals
with a complex « is also discussed in the next section.

3.2 Self-Mixing Signal of Complex-Coupled
DFB-QCLs

To explore the mode hopping and its influence on SMI, we firstly
set the modulus of the coupling factor |«| = 4 cm™" and rewrite
the complex coupling factor as x = |«|e”’. With variation of the
argument O from 0 to /2, we can obtain a series of self-mixing

signals of DFB-QCLs from pure index coupling, complex
coupling to pure gain coupling, as shown in Figure 3. In
Figures 3A,B, it can be seen that there is an extreme point at
about 0 = /9 where the self-mixing frequency and power signals
of the MP mode have their maximum amplitudes. The power
spectrum at @ = 77/9 is also shown in the inset of Figure 3B. It can
be seen that the SMSR at this extreme point decreases to 14 dB,
which indicates that the DFB-QCL is not in a stable single-mode
working state.

For pure index-coupled DFB-QCLs, our previous work
showed that the varying ranges of both the self-mixing
frequency and power signals decrease with increasing x [27].
However, for the index-coupling dominated DFB-QCLs
in Figure 3A, when 0 increases from 0 to the extreme point
0 = 7/9, the varying range of the self-mixing frequency signal
increases, and the amplitudes of the self-mixing power signals of
both the MP mode and total modes in laser cavity also increase
with variation of 8 from 0 to 7z/9, as shown in Figure 3B. When 0
continues increasing from the extreme point to 6 = 7/2, mode
hopping takes place and the complex-coupled DFB-QCL
becomes dominated by gain coupling. For gain-coupling
dominated DFB-QCLs with 6 increasing from /9 to /2,
Figure 3A shows that the varying range of the self-mixing
frequency signal decreases, which is similar to the pure index-
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coupled DFB-QCL. However, the amplitude of self-mixing power
signal increases after mode hopping in Figure 3B. It is also found
that the varying range of the self-mixing frequency signals and
amplitude of power signals of a gain-coupling dominated DFB-
QCL are smaller than those of an index-coupling dominated
DFB-QCL. These behaviors of the self-mixing signal in a
complex-coupled DFB-QCL are obviously different from
those of pure index-coupled DFB-QCLs, and the amplitude
of the self-mixing signal changes non-monotonically with
increasing 6. The self-mixing signal of a DFB-QCL at this
extreme point is notably different from that of the index-
coupled and gain-coupled DFB-QCLs; hence, this phenomenon
of SMI in DFB-QCLs may be of benefit for identifying the type of
DEFB grating.

Figures 3C-F illustrate the self-mixing frequency and power
signals of all the modes in the simulations as functions of L, at the
extreme point 0 = 77/9. From this, we can see that the self-mixing
signal of the MP mode is obviously different from the total modes
as a result of mode hopping. Figure 3D shows that the amplitudes
of the self-mixing power signals of mode 0 and mode 1 are of the
same order and much larger than those of the other modes existing
in the laser cavity as shown in Figure 3F. The other self-mixing
power signals in Figure 3F are in the same level. However, we
found that the varying ranges of the self-mixing frequency signals
of all modes in the laser cavity are in the same level. And Figures
3C,E shows the varying ranges of the self-mixing frequency signal
corresponding to the modes in Figures 3D,F.

We now examine the characteristics of the self-mixing signal as a
function of x with fixed argument values. Figures 4A-C show the
varying ranges of the self-mixing frequency signal as functions of |«|
values from 4 to 10cm™ with 6 = 7/18, 57/18, and 87/18,
respectively. With these values of |«|, the DFB-QCLs are in a
single-mode working state, and the corresponding SMSR versus
|| are shown in the insets. It is found that no matter the value of 6,
the varying ranges of the SMI frequency signals decrease with
increasing |«|. This response behavior of complex-coupled DFB-
QClLs is the same as that of pure index-coupled DFB-QCLs, and this
phenomenon can also be found from the L-K equations [27].
Figures 4D-F show the amplitudes of the self-mixing power
signal versus |«|. For the index-coupling dominated DFB-QCLs
with 0 = 71/18, Figure 4D shows that the amplitude of the self-
mixing power signal decreases with increasing |«|, and this is also
true in the pure index-coupled case. However, for the gain-coupling
dominated DFB-QCLs with 6 = 57/18 and 87/18 in Figures 4EF, it
can be seen that the amplitudes of the self-mixing power signals
increase with |«|. This change rule for gain-coupling dominated
DFB-QCLs is opposite to that for the index-coupling dominated
DFB-QCLs (Figure 4D).
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Carbon-based metamaterials are expected to lead to biological and chemical sensing
because of their fast electron transfer rate, good biocompatibility, and high absorption
ratios. In this work, we integrate carbon nanotubes metasurface (CM) and microfluidic
channel (MC) for a composite terahertz (THz) metasurface (CMMC). The absorption
properties and sensing performance of the proposed composite metasurface have
been studied. It is observed that the absorption is nearly 71.8% at 0.96 THz and
92.4% at 1.65THz, respectively. The variation of response with refractive index of the
analytes for the proposed CMMC is investigated and it is found that the frequency and
intensity of the resonance absorption peak at 0.96 THz f; decrease obviously with the
increase of the refractive index of the analytes. Owing to the coupling of the CM and MC in
the microfluidic channel, the interaction between the incident THz wave and analytes has
been enhanced, and the frequency and intensity sensitivities has achieved 254 GHz/RIU
and 314/RIU, respectively. In addition, the influence of the structural parameters of the
proposed CMMC on the absorption characteristics is also studied in detail. The results
shown that the absorption properties of the CMMC can be adjusted by changing the
structural parameters, which will provide a guideline for design. The proposed CMMC will
facilitate the realization of carbon nanotube metamaterials sensing applications, and, when
combined with microfluidic channel, will lead to large-area THz biological and chemical
sensing.

Keywords: carbon nanotubes, THz, metasurface, microfluidic channel, refractive index sensing

INTRODUCTION

Artificial  electromagnetic metasurfaces composed of various periodically arranged
subwavelength structures have recently generated great interest [1-3]. Owing to the
distinguished electromagnetic response which cannot be realized by in nature materials,
artificial metasurfaces offer essential information for various applications in imaging, sensing,
and other fields [4-8]. With the development of terahertz (THz) spectroscopy and the micro-
nanofabrication technology [9], THz spectroscopy technology based on metamaterials has become
a potential detection method. On one hand, the resonances of the artificial electromagnetic
metasurfaces whose electromagnetic response can be controlled by design [10] are more sensitive
to the change of the dielectric environment [11]. On the other hand, THz spectroscopy technology
has some unique advantages such as label-free, non-invasive, and non-destructive characteristics
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[12]. Therefore, THz metasurface have been utilized for
chemical, biological and other sensing applications [13-19].

At present, considerable research efforts have been devoted to
metallic metasurface based on metal structural unit cell, but the
extended application of the traditional metallic metasurface is
limited by the inherent losses, inflexibility, and high processing
cost [20, 21]. As a kind of carbon-based material [22, 23], carbon
nanotubes (CNTs) film has some merits, such as fast electron
transfer rate, good biocompatibility, low-cost, and freely bendable
flexibility [24-27]. The metamaterials based on CNTs film are also
sensitive to changes in the dielectric environment because of the
resonances. All these merits indicate that CNTs-based
metamaterials are suitable for THz sensing applications. In
addition, the spatial overlap between the analytes and the
electric field can enhance the interaction between the analytes
and the incident THz wave, which means that it is particularly
important to locate the analytes where the concentration of electric
field is the largest. Therefore, microfluidic channel maybe provide a
new strategy for THz sensing applications [28, 29].

In this paper, we integrate the CNTs metasurface (CM) with
periodic elliptical pore structure and the silicon microfluidic
channel (MC) with periodic elliptic cylindrical structure at the
bottom to form a composite THz metasurface (CMMC). The
light-matter interaction between the THz wave and the analytes
can be improved by the integration of CM and MC. The
absorption spectrum of the designed CMMC is studied, and
other two structures only with CM or MC are also
investigated for comparison. The CMMC can achieve
narrowband absorption, the absorption is nearly 71.8% at
0.96 THz and 92.4% at 1.65THz, respectively. Because the

resonance of the CMMC is sensitive to the changes of the
dielectric environment, the refractive index (RI) sensing
capabilities of the proposed CMMC are investigated in detail.
The study reveals that the resonance peaks shift depends on the
change of the refractive index of the analytes. Further calculation
results show that the frequency and intensity of f; decrease
obviously with the increase of refractive index of the analytes.
The influence of structural parameters of the CMMC on the
absorption properties is also studied and the results can be used as
a guideline for design. The proposed CMMC combining the
advantages of CM and MC, provides another sensing strategy
with tunable resonance characteristics, can be applied for
biological and chemical detection [14, 30].

STRUCTURE AND DESIGN

As shown in Figure 1A, the proposed CMMC is integrated by
CNTs metasurface and microfluidic channel. The CNTs film used
in the simulation is treated as composite material, the
conductivity is extracted from experimental spectra, which has
been reported in our previous work [31]. The microfluidic
channel is made of high doped N-type silicon (Si) substrate
with doping concentration b = 2.91x10"®cm™. A square
sample pool with a periodic elliptic cylindrical structure at the
bottom was etched on the high doped N-type silicon substrate.
The permittivity of the highly doped silicon was descripted by
using the Drude dispersion model [32]. It should be noted that
the bottom of the sample pool is not smooth and flat, but a
metasurface with periodic structure. The high doped N-type
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E-field f,=1.65THz
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FIGURE 2 | (A,B) Electric field intensity distribution of the proposed
CMMC at 0.96 THz and 1.65 THz; (C) Electric field intensity distribution of the
CM at 1.64 THz. (D,E) Electric field distribution of the MC at 0.99 THz and
1.83 THz.

silicon metasurface which can be prepared by lithography shows
advantage for simple fabrication. In our design, the square sample
pool with a periodic elliptic cylindrical structure at the bottom not
only supports the CM as substrate, but also improves the
performance of the CMMC. The CNTs film etched periodic
elliptical pore is coated on the top of the square sample pool.
After that, a microfluidic channel is formed by integrating the
CNTs film metasurface and microfluidic channel. Finally, a
packaging layer etched with 6 x 6 mm detection window is
pressed on the surface of the CM. The unit cell of the CMMC
illustrated in Figures 1B,C, it is composed of CM and MC. The
values of the geometric parameters are set as follows: the repeat
period is p, = 180 um, and p, = 110 pm; the thickness of CNTs
film is z; = 5 pm; the radius of the major and minor axis of the
elliptical pore in the CNTs film are R,; = 70 um and R;; = 50 um,
respectively; the height of the elliptic cylinder is z, = 50 pm; the
radius of the major and minor axis of the ellipse elliptic cylinder
are R, = 70 um and R;, = 50 pum, respectively; the thickness of the
silicon substrate is z = 350 um; the etching depth of the sample
pool is ty = 15 pm. Here, the height of the microfluidic channel is
determined by the etching depth of the sample pool.

Carbon Nanotube-Based Composite THz Metasurface

RESULTS AND DISCUSSION

Absorption Characteristics With Different

Structures

Figure 1D shows the simulation absorption spectra of the
designed CMMC and other two structures only with CM or
MC. As shown in Figure 1D, the CMMC exhibits two obvious
resonant absorption peaks, f; is located at 0.96 THz with
absorption of 71.8%, and the resonant peak appears at
1.65 THz f, with absorption of 92.4%.

In order to reveal the physical mechanism of the resonance, the
electric field distribution of the proposed CMMC, and other two
structures only with CM or MC are investigated. Figures 2A,B
show the electric field distribution of CMMC at the resonant
frequency of 0.96 and 1.65 THz. As shown in Figure 2A, most of
the field intensity is concentrated in the microfluidic channel
formed by the integration of CM on the top and MC at the
bottom, which will be filled with analytes during sensing detection.
It is obvious that the microfluidic channel increases the overlap of
space and improves the light-matter interaction between the
analytes and the incident THz wave.

From Figure 2B, the intensity of the electric field at 1.65 THz
is focused on the surface of the CMMC and the resonance is a
surface mode. The electric field intensity distribution of the CM at
1.64 THz is shown in Figure 2C, the field intensity is mostly
located on the surface, which is also surface mode. According to
Figure 2D,E, the electric field intensity distributions of MC at
0.99 and 1.83 THz are confined on the surface and the gap
between adjacent elliptic cylinders along x direction. Although
the electric field at 1.83 THz is also concentrated on the surface
and the gap between adjacent elliptical cylinders, which is similar
to that of 0.99 THz, but the electric field on the surface is not
uniformly distributed, which is a surface mode. By comparing the
electric field distribution of the three different structures, it is
found that the resonant absorption peak at 0.96 THz is related to
the coupling of the modes, which increases the interaction
between the incident THz wave and the analytes in the
microfluidic channel.

Refractive Index Sensing Characteristics of

the Proposed THz Metasurface

To study the sensing characteristics of the CMMC, we investigate
the absorption spectra of CMMC with different refractive index
of analytes n. The height of the microfluidic channel is fixed as
15 pm and the filling thickness of the analytes is ¢ = 45 um. The
range of refractive index from 1.0 to 2.0 covers most bio and
chemo specimens, such as DNA, RNA, and amino acids proteins
[33, 34].

As shown in Figure 3A, it is obvious that the resonant
absorption peak at 0.96 THz (f;) is more sensitive to the
change of refractive index than that at 1.64 THz (f,). In order
to gain a further understanding of the different sensitivity of the
two peaks to the change of refractive index, we investigate the
resonance mechanism in-depth. As shown in Figure 2A,B, most
of the field intensity is concentrated in the microfluidic channel
which will be filled with analytes with different refractive index
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during sensing detection and the concentrated electric field
resulting from the mode coupling of the CM and MC will
improve the light-matter interaction between the analytes and
the THz wave. In contrast, the electric field at 1.65 THz is
concentrated on the surface, the resonance is an obvious
surface mode. Therefore, the resonance peak is not sensitive to
changes of the refractive index of the analyte which is located in
the microfluidic channel. As shown in Figure 3A, the resonant
absorption frequency decreases when the refractive index of the
analytes in the microfluidic channel increase. Obvious red shift of
f1 1s observed, and the total shift is 254 GHz, which indicates that
any change in the liquid permittivity will cause the parallel shift of
resonance frequency.

In our case, considering the height of the microfluidic channel
(t = 15 um) is far less than the repeat period (p, = 180 um, p,, =
110 um), the gap plasmon model can be used for explaining the
physical mechanism [35-37]. In such a model, the resonance at
0.96 THz is caused by the Fabry-Perot resonances in the CNT's/
analytes/Si cavity [36].

2nwn

A

where w is the coverage width of the CM (w = p,—2R,4), n is the
effective index of the gap plasmon, A is the resonance wavelength,
¢ is reflection phase, and k is the order of resonance. In addition,
according to the distribution of electric field in Figures 2A,D, the

+¢=kn (1)

resonance at 0.96 THz is caused not only by the Fabry-Perot
resonances in the CNTs/analytes/Si cavity, but also by the Si
elliptic cylinder.

It is observed clearly that the resonant frequency decreases as
the refractive index of the analytes in the microfluidic channel
increases, and f; is more sensitive to the change of the refractive
index. As shown in Figure 3B, the frequency decreases linearly
with refractive index increasing, there is a good linear
relationships between the position of f; and the refractive
indices of analytes with the regression coefficients of 0.99 (the
blue fitting line). The frequency sensitivity S; of the proposed
CMMC integrated CNTs film metasurface and the microfluidic
channel is defined by frequency shift per refractive index unit,
which can be calculated as:

_af

S, =
' An

2
where, S; is frequency sensitivity, whose unit is GHz/RIU
(RIU = Refractive Index Unit), An is the change of the
refractive index; Af is the change of resonant frequency with
different n. According to Eq. 2 and Figure 3B, the frequency
sensitivity S; of the CMMC which equaled to the slope of the
blue line in Figure 3B, reached 254 GHz/RIU.

In addition, as the refractive index of the analytes increase,
the amplitude of f; also decreases. The intensity of the
resonance decreases linearly with refractive index
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FIGURE 5 | (A) The absorption spectra with the major axis radius of the elliptical pore in the CNTs film R, increasing from 10to 70 um, where R, ; is fixed as 50 um. (B)
The absorption spectra with the minor axis radius of the elliptical pore in the CNTSs film R, increasing from 25 to 54 um, where R, is fixed as 70 um. (C) The absorption
spectra with different thickness of the CNTs film z;. (D) The absorption spectra of the CMMC with the height of the microfluidic channel increasing from 10 to 20 um.

increasing, a good linear relationship between the intensity of ~ variation of intensity Al per refractive index unit, which
resonant peak and the refractive indiex of analytes with the  could be characterized as:
regression coefficients of 0.99 is observed from orange fitting

line of Figure 3B. Therefore, apart from the sensitivity Sz
defined by the frequency shift, the variation of intensity Al

can also be used for refractive index sensing. The intensity ~ where, the unit of S, is/RIU, Al is the variation of the intensity of
sensitivity S, of the proposed CMMC is defined dip the  resonance absorption peak with different n. The intensity

Al

= A7n (3)
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sensitivity S, of CMMG, (i.e. the slope of the orange fitting lines in
Figure 3B), reached 314/RIU. That means that both the variation
of frequency shift Af and intensity AI can be used for refractive
index sensing. Figure 3C shows the influence of thickness of the
analytes on the absorption spectrum, assuming the RI of the
analytes is 1.5. As the thickness of the analytes t increases from
5 to 65 um, both the frequency and intensity of f; decrease, which
indicates that the CMMC is also sensitive to the thickness of the
analytes. Due to the increase of the filling thickness, the analytes is
gradually closer to the region with the largest field intensity, and
the interaction between the THz wave and analytes is further
enhanced, leading to a more obvious frequency shift, which
indicates that the filling thickness of the analytes has an effect
on the sensing performance of the CMMC.

The Influence of the Structural Parameters
on Absorption Characteristics of the THz

Metasurface

In order to guide the structural design of the CMMC, the
absorption characteristics with different structural parameters
are investigated. Figure 4A shows the influence of the period in
the x-direction p, on the absorption. As p, increases, f, shows an
obvious red shift, while f; has a relatively weak red shift. On the
contrary, as shown in Figure 4B, with the period in the
y-direction p, increasing, the resonance frequency of f; blue

shifts while the amplitude gradually decreases. However, the
resonance frequency of f, is almost unchanged, but
the amplitude is significantly reduced. It is obvious that the
variations of the period in x-direction or the y-direction have
different effects on the two resonance peaks, implying that the
resonance mechanisms of the two peaks are different, which is
consistent with the analysis of the electric field distribution in
Figures 2A,B.

Due to the importance of CM in the proposed CMMC, we
studied the effect of the structural parameters of CM on the
absorption characteristics. As shown in Figure 5A, as the major
axis radius of the elliptical pore on the CNTs film R, increases
from 10 to 80 pm, the amplitude of f; gradually increases, which is
resulted from the enlarged aperture and enhanced resonance.
With R, increasing from 10 to 40 um, the resonance frequency of
f1 decreases. However, the resonance frequency of f; increases
when R, increases from 50 to 80 um. The difference of the shift
law might be contribute to the fact that the minor axis radius of
the elliptical pore R,; is fixed as 50 um in this case, when R, is less
than 50 um (i.e. Ry; < R,y), it means that the major axis of the
elliptical pore is along the y direction; when R, is greater than
50 um (ie. Ry > Ryy), the major axis is along the x direction.
Therefore, the asymmetry of the elliptical structure in the x and y
directions results in the difference of shift law of the resonance
frequency. Figure 5B shows the effect of the change of R,; on the
absorption when R,; is fixed at 70 um (R,; > R,;). With the
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increase of R, f; has a slight red shift and the absorption
intensity increases significantly. Owing to R,; > R, the major
axis of the ellipse is in the x direction, and there is no critical point
in the variation law of frequency. In this case, the increase of R, 1
has a significant effect on the absorption intensity, indicating that
the absorption intensity strongly depends on R,1.

The absorption spectra with different thickness of the CNTs
film is shown in Figure 5C. As z; increases, the intensity of f;
decreases linearly, but the position of the resonance peak is
almost unchanged, which means that the shape and size of the
periodic elliptical pore of the CNTs film metasurface affect the
position of the peak, and the thickness of the CNTs film only
affects the absorption intensity.

The height of the microfluidic channel of the CMMC f, is an
important parameter for sensing application, the influence of the
height of the microfluidic channel on the absorption spectrum is
investigated. As shown in Figure 5D, as f, increasing from 10 to
20 um, f; has a slight blue shift, but the amplitude is almost
unchanged. Therefore, the integrated CMMC with different
height of microfluidic channel can be designed for refractive
index sensing according to practical application.

We also investigate the influence of the structural parameters of
the microfluidic channel on the absorption. As shown in Figure 6A,
with the major axis radius of the Si elliptic cylinder R, increasing
from 60 to 70 um, both the amplitude and the resonance frequency
of f; decrease. However, according to Figure 6B, compared with R,,
as the minor axis radius of the Si elliptic cylinder R, increases from
45 to 55 um, the changes of the amplitude and the frequency of f; are
not obvious, which results from the electric field distribution of f;. As
shown in Figure 2A, most of the electric field of f; is along x
direction and the intensity is concentrated in the microfluidic
channel formed by CM on the top and MC at the bottom. As a
result, the amplitude and the frequency of f; are not strongly
dependent on R,. Figure 6C shows the absorption spectra with
different height of the elliptic cylinder z,. In particular, as z, increases
from 10 to 70 um, the resonance frequency of f; decreases
significantly, the resonant peak has a significant red shift, which
imply that the position of f; can be controlled by the height of the
elliptic cylinder, which provides an idea for sensing and detection in
a wider range. Doping concentration is an important parameter
affecting the dielectric properties of silicon. Therefore, we
investigated the influence of doping concentration on the
absorption properties of the proposed CMMC. In Figure 6D, as
the doping concentration increases, the resonance absorption is
significantly enhanced. As discussed above, it is worth noting that
the change of structural parameters of silicon microfluidic channel
has little effect on f,, which further indicates that f, is a surface mode
mainly determined by CM. The results is agree with the electric field
distribution in Figures 2B,C.
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imaginary part to the defect-assisted exciton recombination. The peak values of the complex
photoconductivity show a trend of saturation with the increase of the pump power because
of the many-body effect at high carrier concentration. This work deepens the understanding
of the basic ultrafast physical process in MoS, crystal, which is enlightening for the design of
novel optoelectronic devices.
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INTRODUCTION

Transition metal dichalcogenides (TMDs) are burgeoning layered semiconductors with a chemical
formula of MX, (M represents transition metal elements, including Ti, V, Ta, Mo, W, and Re; X
represents chalcogenide atoms, such as S, Se, and Te), in which the van der Waals force connects
atomic sheets. Because of the superior properties such as high carrier mobility [1], strong optical
nonlinearity [2], and high mechanical strength [3], TMDs materials are advancing the development
of many optoelectronic devices, including photodetectors [4], light-emitting diodes [5], field-effect
transistors [6], solar cells [7], etc. As one of the most typical and important TMDs, molybdenum
disulfide (MoS,) has been reported to have some unique properties. For example, MoS, has
an indirect-to-direct bandgap transition when vary the layer number from bulk to monolayer
[8]; MoS, transistor has a high on/off ratio up to 10% MoS, has a strong spin-orbit coupling [9].
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Therefore, many novel optical and electrical applications [2, 10,
11] are expected to be realized by MoS,.

Clarifying the carrier dynamics mechanisms of MoS, is of key
significance for developing MoS,-based optoelectronic devices.
Compared with the detection techniques that investigate the
photoexcited carrier properties in a static state, such as
photocurrent spectroscopy [12], photoluminescence
spectroscopy [13], and electroluminescence spectroscopy [14],
transient absorption spectroscopy based on the optical pump-
probe technology is indispensable for studying the ultrafast
carrier dynamics mechanisms [15]. Specifically, many valuable
conclusions have been achieved on the ultrafast dynamic
properties of MoS,. For example, Wang et al. have reported
the intervalley transfer, energy relaxation, and recombination of
carriers in bulk MoS, crystal by resolving the dynamic process
[16]. Huang et al. demonstrated that the exciton dynamics of
monolayer and few-layer MoS, are remarkably different due to
the quantum confinement effect and the surface defect effect [17].
Wang et al. proposed that the defect-assisted Auger relaxation of
electron—hole recombination in MoS, is related to the strong
Coulomb interaction and the electron-hole correlation in two-
dimensional MoS, [18].

Compared with the optical pump-probe technology, optical
pump-terahertz probe (OPTP) spectroscopy as another
important method to probe the ultrafast process, is sensitive to
terahertz (THz) conductivity instead of the static conductivity of
materials. The sub-picosecond time resolution of OPTP is
suitable to study the ultrafast dynamics of carrier, exciton, and
phonon. Sood et al. have studied the dynamics of photoexcited
carriers in a few-layered MoS, using OPTP spectroscopy [19].
They find that the fast relaxation time occurs due to the capture of
electrons and holes by defects, and the slow relaxation time is
related to bounded excitons which prevent the defect-assisted
Auger recombination. For comparison, MoS, bulk crystal is an
indirect bandgap semiconductor, which indicates that the
position of electrons in the momentum space will change
before and after the transition. In order to satisfy the
conservation of momentum, there would be a large number of
phonons and bounded excitons involved in the ultrafast process.
Additionally, the exciton effect has been reported to be significant
in TMDs [20, 21]. Therefore, understanding the exciton
dynamics in MoS, crystals is of key importance for the
application development.

In this work, we use the OPTP technique to explore the
dynamics of photo-induced carriers in layered MoS, crystal.
The complex photoconductivity is calculated from the pump-
induced THz amplitude and phase changes. The real and
imaginary parts of the photoconductivity is fitted by the
exponential model. The real part-related time constant t; of
~80ps is independent of the pump power, while the
imaginary part-related time constant T, increases from 110 to
260 ps as the pump power increases. The former is explained by
the phonon-assisted carrier recombination process and the latter
is induced by the defect-assisted exciton recombination.
Additionally, with the increase of pump power, the peak
values of the real and imaginary parts of the complex
conductivity exhibit a trend of saturation, which is attributed
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to the many-body effect. These results deepen the understanding
of carrier dynamics in MoS, crystals.

EXPERIMENTAL SECTION

The freestanding layered MoS, crystal sample (SPI Supplies) is
90 pm in thickness, and its size is approximately 8 x 8 mm. This
crystal sample is hexagonal 2H polytype with good crystalline
quality as proved from the X-ray diffraction measurement in our
previous work [20]. The Raman spectrum (SmartRaman
confocal-micro-Raman module) is used to investigate the
phonon characteristics of samples. The light source for the
OPTP experiment is a Ti:sapphire femtosecond laser, which
has a repetition rate of 1 kHz, a central wavelength of 800 nm,
and a pulse width of 35fs. The beam generated by the
femtosecond laser is divided into three parts for the THz wave
generation, THz wave detection, and optical pump functions [21].
1) The THz radiation is generated from the air plasma by a two-
color method under 800 and 400 nm laser excitation. The
generated THz wave was focused onto the sample by a pair of
off-axis parabolic mirrors in a transmission configuration. 2) The
THz wave is probed by an electro-optic sampling method using a
zinc telluride (ZnTe) (110) crystal as the THz detector. A delay
line is used to measure the time domain signal of THz electric
field E(t). 3) The pump beam is focused onto the MoS, sample in
a transmission geometry. A pump delay line is used to change the
delay time (tpump) between the pump and probe pulses. The
sample is measured in a normal incident angle for both the THz
wave and the pump laser. All experiments were measured in a
nitrogen environment to avoid THz absorption by atmospheric
water vapor.

RESULTS AND DISCUSSION

The Raman spectrum of layered MoS, crystal under 532 nm
excitation is shown in Figure 1A. The peaks Eég and A, are two
Raman modes, indicating in-plane and out-of-plane vibrations.
The frequencies of these two modes are at around 379.2 and
403.8 m™, which are consistent with the characteristic peak
positions of MoS, crystal according to previous report [22].
Since there is a close relationship between the photoexcitation
process and the band structure of materials, first-principles
calculation is performed to study the band structure of MoS,
crystal (The calculation software is Quantum Espresso. The
Perdew-Burke-Ernzerh of generalized gradient approximation
is used for the exchange-correlation potential. We use the
ultrasoft pseudopotential to describe the electron—ion
interactions and the ultrasoft pseudopotential incorporate the
electron orbital of Mo 4s5s4p5p4d and O 2s2p. The in-plane
lattice constants are set as a = 3.166 A and ¢ = 18.41A.
Monkhorst-Pack k-mesh of 15 x 15 x 15 is set for sampling
the Brillouin zone. The kinetic energy cutoffs of the plane waves
for charge density and basis function are set to 25 and 300 Ry. The
van der Waals corrections are described by the vdW-DF method).
As shown in Figure 1B, the valence band maximum is at the T
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FIGURE 1 | (A) Raman spectrum for layered MoS, crystal with 532 nm laser excitation. (B) Simplified energy band diagram based on first-principles calculation.
The two arrows represent the direct and indirect transition from the valence band maximum to the conduction band minimum.
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FIGURE 2| (A) Transmitted THz electric field E(t) (blue line) and photo-induced change of the THz waveform at pump delay time AE (toump = 20 ps) (vellow line) with
the pump power of 20 mW for the MoS, crystal. (B) Pump-induced changes of the THz amplitude and phase of layered MoS, crystal at the peak and zero-crossing

point, and the conduction band minimum lies at the symmetry
point between K and I. The transition from valence band
maximum to conduction band minimum is indirect [8]. Thus,
MoS, crystal is an indirect semiconductor with a bandgap energy
of 1.29 eV. Additionally, there is a direct transition with bandgap
energy of 1.9 eV from valence band K point to conduction band K
point, which cannot be realized under the 800 nm (1.55 eV) laser
excitation.

We will discuss the ultrafast THz complex conductivity
dynamics of MoS, by using the OPTP technique in the
following parts. The pump laser power is 20 mW. As shown
in Figure 2A, the THz electric-field transmission waveform
through the unexcited layered MoS, crystal E,. is labeled as
the blue curve, and the photo-induced THz waveform change AE
at pump delay time t,ump = 20 ps is labeled as the yellow curve.
The peak and zero-crossing values of the THz waveform are
sensitive to absorption and phase change, respectively [23]. The
former represents the real component of the complex

conductivity and the latter represents the imaginary
component of the complex conductivity. Specifically, the THz
waveform changes at the peak and zero-crossing positions as a
function of pump-probe delay time depict the photoexcitation
dynamics of MoS, crystal, as shown in Figure 2B. Because the
photon energy of the incident light is larger than the bandgap of
MoS; crystal, real carriers will generate after excitation. We can
see the THz waveform at both the peak and zero-crossing
positions exhibit ultrafast optical response, indicating photo-
induced carrier generation and recombination processes.

According to the peak and zero-crossing changes of the THz
waveform, the photoconductivity can be calculated by the
formula [24]:

b rss DE(EE
A0 (tpump) = — Z:ZTH J:g(tmix)P)

where n,;, = 1 is the THz refractive index of air, nrg, = 2.95 is the
THz refractive index of the MoS, crystal [22], Z, = 377 Q) is the

) (1)
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free space impedance, and d = 90 um is the thickness of the MoS,
crystal. Using Eq. 1, the photoconductivity of MoS, with different
pump power from 5 to 30 mW can be obtained. The real and
imaginary parts of the photoconductivity are shown in Figures
3A,B, respectively. The sub-picosecond abrupt changes observed
at ~32 ps in Figures 3A,B are related to the process that the
photo-induced carriers are excited from the valence band to the
conduction band. Subsequently, the slow changes in Figure 3
correspond to the relaxation processes of photoconductivity. The
real and imaginary parts of the complex conductivity reflect the
absorption and chromatic dispersion properties of materials,
respectively. According to previous reports, the THz
absorption properties of MoS, are mainly decided by the
photo-generated carriers [20], and the THz chromatic
dispersion properties of MoS, could be contributed from the
polarization effects of bound charges such as excitons [25, 26].
Here, the binding energy of exciton in MoS, crystals is
approximately 0.1eV [27], which is larger than the thermal
energy (=25meV) at room temperature. Due to the strong
Coulomb interactions among carriers, extraordinary exciton
effects have been observed in TMDs such as MoS, [17], WSe,
[21], and WS, [20]. Therefore, the exciton effect could be
important for the imaginary part of photoconductivity of
MoS, crystal due to the polarization effect.

Next, the time constants deduced from the pump delay time
dependent complex conductivity are analyzed to reveal the
relaxation dynamics of the photoexcited carriers and excitons
in MoS, crystal. The experimental data in Figure 3 are
exponentially fitted by Aorgm = Exp ((t —tp)/112), where 14
(1p) is the time constant of the real (imaginary) part of the
photoconductivity. The obtained 7, and 7, with different pump
power are shown in Figure 4A as depicted by blue and yellow

dots, respectively. The time constant 7; is approximately 80 ps,
independent of the pump power. In comparison, the time
constant 7, increases linearly from 110 to 260 ps with the
increase of the pump power. In MoS, crystal, there are many
possible relaxation processes. For the fast relaxation processes
with a duration of sub-picosecond or several picoseconds, there
are carrier-carrier scattering, carrier-phonon scattering, and
exciton-exciton scattering in TMD materials [17, 28].
However, these fast processes cannot be identified from our
experiment because of the limited time resolution. The time
constant 7; and 7, can mainly be attributed to the slow
relaxation processes. For the time constant 7y, it has been
reported that the phonon-mediated recombination time of free
carriers is independent on the pump power in layered WSe,
crystal, monolayer MoS,, and suspended graphene [17, 21, 29].
Hence, the decay time 7; could be attributed to the phonon-
assisted free carrier recombination. For the time constant 7, it
has been reported that defect-assisted exciton recombination can
result in an increase of decay time with pump power [20, 21]. The
Auger processes for exciton capture by defects are believed to be
important in most bulk semiconductors with high carrier
densities [18]. Therefore, the time constant 7, could be
governed by the exciton recombination via defect-assisted
Auger process.

Additionally, the peak value of photoconductivity related
to the carrier quantity has been discussed. Figure 4B
shows the pump power dependence of the maximum
(minimum) of the real (imaginary) part of photoconductivity.
Both the real and imaginary parts exhibit enhanced
absolute values with the increase of the pump power, and then
present a saturable trend at the high pump power region. Because
the photoconductivity is associated with the free carriers and
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excitons, the enhancement of the peak values indicates that the  and excitons become saturated due to the possible many-body
quantity of photo-induced carriers and excitons increase with the ~ effect at high carrier concentration [30, 31]. The carrier density is
pump power. Then, equation Ag o< P/(P + P;) (P is the pump  calculated as [16]:

power and P is the saturation pump power) [21] is used to fit the [ (o — 1) + ¥

experimental data. The saturation pump power P; of the real and No=|1-—55—
(o +1)" + 3

imaginary photoconductivity are 3.6 and 5.7 mW, respectively.
These results suggest that both photo-induced carriers and  yhere n, = 4.83 is the real part of the refraction index, xy = 0.78 is
excitons are generated before the pump power of 3.6 mW;  the imaginary part of the refraction index, and a, = 1.23x10” m™"

then, the photo-induced carriers are saturated and excitons are s the absorption coefficient [22, 32]. The Fj is the peak energy
continuously generated before 5.7 mWj at last, both the carriers  fluence of the pump pulse, which can be calculated by

](xOFO/hw, 2)
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TABLE 1 | Fitting parameters used in Figure 5.

Pump power [mW] 7 [fs] Cc wo [THZ]
5 499 -0.81 1.21
10 612 -0.84 117
20 627 -0.85 1.13
30 740 -0.83 1.1

Fo = 41n(2)P/ (n fu?), where P is average pump power, f= 1 kHz
is the repetition rate of the laser, and w = 2.5 mm is the radius of
focus pump spot. According to Eq. 2, the numbers of photo-
induced carriers are calculated to be 1.95x10%, 3.9x10%,
5.85x10%°, 7.8x10%°, 9.75x10%°, 11.7x10*° m™>, with 5, 10, 15,
20, 25, and 30 mW pump power, respectively.

Finally, the frequency-dependent photoconductivity is
obtained by the fast Fourier transform of the time-domain
signals. The real and imaginary parts of the photoconductivity
are measured at the delay time of 5 ps with a variable pump power
of 5, 10, 20, and 30 mW as shown in Figure 5. The Drude model
can be used to describe the free carrier motion and the Smith term
includes the carrier backscattering. In addition, the exciton effect
in relaxation process can be described by the Lorentz model.
Therefore, we use the Drude-Smith model (free charge species)
combined with the Lorentz model (exciton species) to describe
the photo-induced complex conductivity. The fitting formula of
the Drude-Smith-Lorentz model is described as follows [21]:

D()T Sw
: <1+ ; )+. >
1 -iwT 1—iwt/)  i(w} - w?)+wy

3)

Op-s-1 =

where D, is the Drude weight, 7 is the free carrier relaxation time,
w is the angular frequency, C ranging from -1 to 0 is related to the
degree of carrier scattering, S is the oscillator strength, w, is
the resonant frequency, and y is the damping coefficient. From
Figure 5, the curves calculated with Eq. 3 fit well with the dot-
denoted experimental data. The fitting coefficients are given in
Table 1. The relaxation time 7 increases with the increase of
pump power. The constant C has no pump power dependence,
suggesting that the carrier backscattering is not affected by the
pump power. In addition, the frequency wy of the oscillator
response has no obvious change with the increase of pump power.
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The spatiotemporal distribution of terahertz (THz) radiation from plasma has been
demonstrated with the technology of THz focal-plane imaging. It has been found that
the spatiotemporal distribution will vary with the frequency, as well as the length of plasma.
A doughnut-shaped distribution appears in the lower frequency range, while the bell-
shaped distribution corresponds to the higher frequency range. For plasmas with different
lengths, their generated THz images in the time domain are similar, the THz images in the
frequency domain as well. The spatiotemporal distributions are simulated with the off-axis-
phase matching theory. All the findings will renew the understanding of the THz generation
from plasma induced by two-color pulses.

Keywords: THz focal plane imaging, plasma, off-axis-phase matching, spatiotemporal distribution, THz radiation

INTRODUCTION

Terahertz (THz) wave generated from plasma has been proven to be a valuable tool in the field of
nonlinear spectroscopy, imaging, and remote sensing [1-3]. The scheme of THz radiation from
plasma induced by two-color laser pulses [4-7] has attracted more attention, and became
popular owing to the emitted THz wave with broad spectrum and high intensity, as well as the
good quality of polarization. With the widely application of THz radiation from two-color-
induced plasma, its spatial characterization is desired. Many efforts have been put on this by
using incoherent or coherent methods. The THz spatial distribution was deduced to be the shape
of bell [8, 9] by raster scanning with the pyroelectric detectors or doughnut-shape [10] by raster
scanning with Michelson interferometer; With a THz camera the transverse intensity of THz
wave was captured and 3D-reconstructed to be the dumbbell shape [11]. There is also reported
work contributing the conical hollow of THz distribution into the photo-induced carriers in the
silicon wafer [12], which was used to filter the THz waves in the experiment. However, all these
results seem incomplete for the comprehensive spatial characterization of THz waves. The
influence of single-color plasma channel length on an angular THz radiation distribution was
studied [13], yet its THz emission mechanism differs significantly from that of the two-color
scheme. To fully understand the THz emission from two-color-induced plasma, it is necessary to
characterize the spatiotemporal distribution of THz wave generated from plasma induced by
two-color pulses.
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FIGURE 1 | Schematic diagram of experimental setup. BS: Beam Splitter, BBO: Barium Boron Oxide Crystal. The dashed part is used to measure the
spatiotemporal distribution of THz waves generated by plasma with different lengths. The insets are the THz time-domain signal and its Fourier-transformed spectrum,
obtained by summing the values of four pixels in the center part of the CCD.

In this work, the spatiotemporal distribution of THz wave
radiated from plasma has been measured by using the technology 2.400ps 2533ps  3.066ps  3.600ps 3.866ps
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In the experiment, the technology of THz focal-plane imaging is T .
used to obtain the spatiotemporal distribution of THz waves
radiated from plasma induced by two-color pulses. The A

experimental setup is illustrated in Figure 1. A laser amplifier
provides laser pulses with the central wavelength of 800 nm,
repetition frequency of 1kHz and pulse width of 35fs. The
femtosecond pulses are divided into two beams by a beam
splitter (BS), one is used as the pump pulse and the other one
is used as the probe pulse. The average pump and probe power are
700 and 13 mW, respectively. The pump pulse is focused by alens ~ imaging system, THz images delivered from the front focal plane
with the focal length of 200 mm. With this lens, a relative uniform  to the detection crystal. A silicon wafer is used to combine the
plasma about 7 mm is formed. There is a Barium Boron Oxide  probe pulses and THz waves. The probe pulses are subjected to
(BBO) crystal between the lens and its geometric focus. When the  the refractive index modulation of the crystal by the THz electric
fundamental waves (800 nm) of femtosecond laser pass through  field, then they are captured by a CCD. In the measurement, the
the BBO crystal, their second harmonic waves generate. Both the ~ images of THz waves have been extracted by the technology of
fundamental (w) and second harmonic (2w) pulses ionize the air =~ dynamic matching and subtraction [14]. For clarity, the THz
at the focus, which form a filament radiating THz waves. A 4f  time-domain signal and its Fourier-transformed spectrum are
imaging system consisting of 2 THz lenses with the focal length of ~ also shown in the inset of Figure 1, which was obtained by
100 mm and diameter of 75.8 mm is introduced in the THzbeam. ~ summing the values of four pixels in the center part of the CCD.
The front focal plane of the 4f imaging system coincides with the In the experiment, by selecting proper experimental
focus of the optical lens, while its back focal plane coincides with ~ parameters, such like the crystal axis angle of the BBO crystal
the ZnTe crystal (<110>, 10 mm x 10 mm x 1 mm). With this 4f  and the distance to the geometric focus of the focusing lens, the
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FIGURE 2 | Normalized THz images in the time domain (A) and
frequency domain (B).
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generated THz signal was optimized. After that, the THz
spatiotemporal distribution is measured and shown in
Figure 2A. At the initial time of the THz pulse t < 2.533 ps,
the spatial intensity distribution obtained by the above system is
mainly concentrated near the center of the optical axis, like a solid
bright spot. Thereafter, it diffuses when t > 3.066 ps, and the THz
light spot diffuses into a hollow ring with the radius gradually
increasing. In the process of diffusion, the amplitude of THz wave
in the ring region decreases gradually due to the effect of
divergence until the overall signal disappears. These THz
temporal images were Fourier-transformed to obtain their field
distributions at different frequencies. The results are shown in
Figure 2B. For clearly, all images are normalized by the
maximum value of the THz signal. It is clear that the THz
field appears as a weak annular profile in the lower frequency
range, while it appears in the region near the optical axis in the
higher frequency range. With the frequency increasing, the
annular side lobes gradually appear around the solid spot.
Compared with that of the central spot the intensity of the
annular side lobes becomes more and more obvious. It
indicates that the radiation angle is corresponding to the
frequency component of the radiated THz wave, which is
consistent with the result reported in Ref. [15]. As illustrated
in Figure 2, it seems that there are some nonuniform intensity
distributions in these THz images, which was caused by some
defects in the ZnTe crystal.

As shown in Figure 2B, with the frequency increasing, the
spatial distribution of THz wave changes from the shape of
doughnut to bell mixed with dark ring lobes. Currently, there
are many theoretical models used to describe THz generation
from ionized plasma, including the model of pondermotive,
photocurrent, four-wave mixing and off-axis phase matching
[7, 16-18]. Considering this experimental system, we adopt an
off-axis phase matching model for simulation, in which the
parameters similar to that in the experiment was selected.
Different from the work in Ref. [16], the near-field profile of
THz emission from the plasma has been calculated. For the case
of plasma length shorter than the dephasing length, the near-filed
integration and their initial phases are also considered in the
simulation. The simulation results are shown in Figure 3A. In the
lower frequency range, v <0.558 THz, the spatial distribution of

THz wave gradually changes from the shape of doughnut to bell,
and the ring side lobes begin to appear; In the higher frequency
range, v> 0.705 THz, the center spot of THz image becomes
smaller and the annular side lobe becomes more obvious.
According to the theory of off-axis phase matching, THz
waves radiated from each point sources interfere constructively
and accumulate continuously in the paraxial region; Away from
the axis, THz waves interfere destructively and form alternative
dark side ring lobes. For demonstration, we present the
unnormalized experimental and simulated images at
0.117 THz, as shown in Figure 3B, the upper one is the
experimental result, while the lower one is the simulated
result. It is obviously that both the experimental and simulated
spatial distributions are circular with the similar size, indicating
that the theoretical simulation results are in good agreement with
the experimental ones. To reveal the dependence of THz spatial
distributions at different frequency, we extracted their THz
amplitude information along the center line of the simulated
images at different frequencies. The values of these curves were
normalized by their own maximum, respectively, and plotted in
Figure 3C. In Figure 3C, the left subfigure corresponds the lower
frequency range 0.117 THz <v<0.558 THz, while the right one
corresponds the higher frequency range
0.705 THz<v<1.147THz. When0.117 THz<v<0.325 THz,
the simulated distribution transits gradually from the shape of
annular to bell with the frequency increasing; When
v = 0.411 THz, the ring side lobe appears. With the frequency
increasing, the ring side lobe becomes more obvious, as shown in
the right subfigure of Figure 3C. Comparing Figure 3 with
Figure 2B, one may find that more ring side lobes in the
simulation results than that in the experimental ones, it may
be caused by an error of optical focus position between the
experiment and simulation.

In addition, images of THz radiation from plasma with
different lengths are also obtained. As shown in the dashed
part of Figure 1, a tinfoil is placed slightly away from the end
of the plasma. Moving the tinfoil to make it approach the plasma
end, until the tinfoil is penetrated by the plasma. Since the
diameter of the hole on the tinfoil is similar to that of the
plasma, we believe that the THz wave radiated from the
plasma at the left side of the foil can be blocked and only the

Frontiers in Physics | www.frontiersin.org

n

October 2021 | Volume 9 | Article 768186


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wang et al.

Spatiotemporal Distribution of Terahertz Waves

3

mm Eo

4mm EU

o1

0

x(mm)

2mm

y (mm)

33

X (1 x(mm x (1 mm) xtmm)

2.400ps 2.533ps 3.066ps 3.600ps 3.866ps

5

0.11/THz 0.205THz  0411THz 0.558THz _ 0.705THz
" E .. .=H5
e .
1
" E - .

xlmrm

FIGURE 4 | Experimental results of THz waves radiated from plasmas with different lengths. THz images in the time domain (A) and frequency domain (B).

THz wave radiated from the plasma on the right side can be
detected. By moving the foil to the left, the electric field E; (i =
1,2,3...) of THz waves radiated from plasma of different
lengths can be obtained. For the case of plasma length
comparable with the depth of field of the 4f system, the
influence of the fixed front-focus of the 4f system on the
experimental results is acceptable. In the experiment, we
move the tinfoil across the plasma with the length of 7 mm
by the step of 1 mm. The experimental results in the time
domain and frequency domain are shown in Figures 4A,B,
respectively. From Figure 4A, it can be found that the patterns
of THz radiation from the plasmas with the same length diffuse
from solid to hollow ring and then disappear over time.
Moreover, the spatial shape and size of THz wave radiated
from different lengths of plasma are maintained, but their
intensities decrease with the plasma length shortened.
Similarly, the images in Figure 4A are Fourier-transformed
to obtain their frequency-domain images as shown in
Figure 4B. For the plasmas of the same length, the spatial
distribution of THz waves at different frequencies evolves from
a doughnut-shape at low frequencies to a bell-shape at high
frequencies; For the same frequency, the spatial distribution
shape of THz waves radiated from different lengths of plasma is
similar, while the intensity decreases with the decrease of plasma
length. All these results indicate the accumulation effect of THz
waves radiated from plasma.

It is known that the above THz electric fields E;(i =
1,2,3...) are generated from plasma fragments with
different lengths, and these fragments are obtained by
separating from one and the same filament. Thus, it allows us
to achieve the THz electric fields at different positions of the
plasma by subtracting the electric fields generated from the
adjacent plasma fragments,

METHzi:Ei—Ei_l(izl,2,3...) (1)

E, is the THz electric field when the plasma length is 0,
ie, Eg =0. It is reported that the peak frequency of the THz
emission was used in characterizing the plasma density [19], the
THz frequency corresponds to the plasma frequency, which can
be written as,

Max
12
9
£
E 6
3
0L
0" ;
. 6 - ) r6 7
e 5 Min
_ % 91234
X(mm) z(mm)
FIGURE 5 | Electron density distributions at different positions of the
plasma.

wp = NIl @)

Where #, is the electron density and 1, is the electron mass. The
electric field E7y, is proportional to the oscillation frequency of the
plasma under the assumption of the appropriate laser field and gas
density [20], meaning that Erg oc /fi.. Therefore, the electron
density distributions at different positions of the plasma can be
obtained, as shown in Figure 5. It can be found that the electron
density of the plasma distributes symmetrically in the cross section.
Additionally, the electron density is higher in the center of the plasma,
and it decreases gradually with the increase of the diameter of the
plasma. In the longitudinal direction, the electron density is also not
uniform, and its density maximum locates near the beginning of the
filament, which is in reasonable agreement with Refs. [19, 21-23].

CONCLUSION

The THz spatiotemporal distribution of THz radiation from plasma
has been measured by the technology of THz focal-plane imaging.
With the off-axis phase matching model, we obtained their simulation
results, and the simulation results are in good agreement with the
experimental ones. THz spatial distributions are doughnut-shape at
low frequencies and bell-shape at high frequencies. The
spatiotemporal distribution characteristics of THz wave from
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plasmas with different lengths are similar, but their intensities depend
on the length of the plasma seriously. With the THz images radiated
from plasmas of different lengths, the electric density inside of the
plasma has been revealed.
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amplitude imaging, unsharp masking, guided filtering, contrast stretching, and pseudo-
color mapping. In this paper, these steps are reasonably combined and optimized to
obtain the final resulting image. To verify the effectiveness of the proposed method, a
150-220 GHz high frequency terahertz frequency modulated radar imaging system was
used to image three commonly used sandwich structure composites, and the
enhancement processing were carried out. The resulting images with significantly
enhanced contrast, detail resolution and edge information were obtained, and the
prefabricated defects were all detected; Five objective evaluation indexes including
standard deviation, mean gradient, information entropy, energy gradient and local
contrast were used to compare and analyze the processing results of different image
enhancement methods. The subjective and objective evaluation results showed that the
proposed method can effectively suppress the noise in terahertz detection signals,
enhance the ability of defect detection and positioning, and improve the accuracy of
detection. The proposed method in this paper is expected to play a positive role in
improving the practicability of terahertz imaging detection technology and expanding its
application fields.
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filtering, unsharp masking

Frontiers in Physics | www.frontiersin.org

76 November 2021 | Volume 9 | Article 750588


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.750588&domain=pdf&date_stamp=2021-11-03
https://www.frontiersin.org/articles/10.3389/fphy.2021.750588/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.750588/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.750588/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.750588/full
http://creativecommons.org/licenses/by/4.0/
mailto:jian.zuo@cnu.edu.cn
https://doi.org/10.3389/fphy.2021.750588
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.750588

Lietal

INTRODUCTION

Terahertz imaging detection technology has the advantages of
high penetrability. In the detection of composite materials’ defect,
it is easier to detect the internal defects of composite materials
than other traditional detection technologies, and it can be used
for imaging without contacting the tested materials [1]. The
photon energy of terahertz wave is in the order of
millielectron volts, and it will not cause structural damage to
the tested material or produce harmful radiation to biological
tissue in terahertz imaging detection [2]. However, in the
application of this technology, the terahertz wave will be
affected by the experimental environment noise (energy level
absorption of water vapor and air molecules around the system),
the internal noise of the system (photon radiation noise, thermal
noise, granular noise, etc.), and the material properties of the
sample to be tested (interlaminar multiple reflections caused by
the laminated structure and scattering caused by poor surface
roughness of the sample) [3, 4], resulting in the degradation of the
detection image such as low contrast, low detail resolution and
poor sharpness, which affects the application of terahertz imaging
detection technology and the accurate judgment of the internal
information of the tested material. Thus, the interference
properties of terahertz wave in the imaging process are
analyzed. Meanwhile, the de-noising technology and image
enhancement technology are used to process the detection
image, which is expected to obtain the detection image with
high contrast and strong detail resolution.

In order to solve the problem of terahertz image degradation,
many scholars did a lot of research. Many methods for terahertz
image denoising and enhancement were proposed such as mean
filtering, Gaussian filtering, nonlocal mean filtering and the edge
detection of Laplacian Gaussian operator. Mean filtering has
better removal effect on Gaussian noise in the detected image,
but the sharpness of the detected image after filtering will be
reduced and the image details such as edges will become blurred;
Gaussian filtering can effectively filter out speckle noise in the
detected image, but it will cause certain damage to the effective
information in the detected signal and the edge and texture details
of the image; Nonlocal mean filtering can preserve the texture
details of the image while filtering out the background noise, but it
cannot adaptively select the optimal filtering parameters,
resulting in artifacts in the detection image; The edge
detection of Laplacian Gaussian operator can effectively
enhance the edge and texture details of the detected image,
but it will amplify the background noise while enhancing the
edge and details of the image, so that the resolution of the
detected image cannot be further improved [5-8]. Therefore, it
is necessary to develop new terahertz image denoising and
enhancement methods. Guided filtering technology was
proposed by, after a large number of experiments, which had
good performance in image detail enhancement and other aspects
[9]. In their research, a guidance image was used to guide the
input image, hence the edge of the output image was the same as
the input image, and the texture details were similar to the
guidance image. It can effectively preserve the edge
information while denoising. In addition, Liu et al. and Zhou
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FIGURE 1 | The relationship between angular frequency of the sawtooth
wave interference signal and the generated beat frequency signal.

et al. used the guided filtering technology to enhance the details of
infrared images, and achieved good results. However, the direct
use of guided filtering technology would cause the problem that
the background noise of the detection image is amplified [10, 11].
Wavelet transform has good time-frequency localization analysis
ability and multi-resolution analysis characteristics. In this paper,
the hard threshold shrinkage denoising method based on discrete
wavelet transform is proposed to filter out the high-frequency
noise of the original terahertz detection signal, so as to avoid the
problem that the noise in the detection image is amplified after
the guided filtering. On the other hand, since the unsharp
masking method can preserve the smooth region of the image
while highlighting the edge and texture details of the image, this
paper proposes to use the sharpened image of the unsharp
masking as a guidance image to make the details of the output
image clearer. After guided filtering, the obtained detail layer and
base layer are gained and superimposed to improve the contrast
of terahertz detection image and enhance the detail and edge
information of the image. In this paper, a 150-220 GHz high
frequency terahertz frequency modulated radar imaging system
was used to collect terahertz images of samples, and the denoising
and enhancement processing were carried out. In the following,
the imaging principle, the principle of wavelet-based unsharp
masking and guided filtering method, the experimental samples,
experimental setup, the experimental results and objective
evaluation are described in detail.

THE PRINCIPLES OF TERAHERTZ
FREQUENCY MODULATED RADAR
IMAGING SYSTEM

In this paper, a 150-220 GHz high frequency terahertz frequency
modulated radar imaging system had been used for imaging
experiments [12]. This system uses a sawtooth wave generator to
drive a voltage controlled oscillator to produce a linear frequency
modulated continuous wave signal in the microwave band. The
instantaneous frequency varies linearly with time in the range of
150-220 GHz, and the frequency modulation bandwidth is
70 GHz. The relationship between the angular frequency of the
interference signal and the generated beat signal in the sawtooth
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wave frequency modulated continuous wave interference is
shown in Figure 1.

Among them, solid line T represents the modulated signal
directly received by the detector, dotted line R represents the
sample signal that carries the sample information after the sample
reflection, dotted line B represents the beat frequency signal
generated by the interference between the modulated signal
and the sample signal, Aw represents the range of the angular
frequency of the modulated signal, T, represents the period of
the modulated signal, w, represents the frequency difference
between the modulated signal and the sample signal, «
represents the time delay of the sample signal relative to the
modulated signal, and w, represents the central angular
frequency and is a constant. According to the principle of
frequency modulated continuous wave, the longitudinal
resolution of the system is expressed as

c
d=
2xAf

1

Where ¢ is the speed of light, and A f is the frequency modulation
bandwidth of the terahertz source. Therefore, the theoretical
longitudinal resolution of the system is 2.1 mm.

When the system is used for terahertz imaging detection of
sandwich structure composites with internal defects, the
refractive index of defect and non-defect is different, and their
reflection coefficient at the interface is different. When the
terahertz wave is reflected through the interface, the amplitude
of the reflected signal at the defect and non-defect will be
different. Therefore, this paper selects the amplitude imaging
method that can reflect the specific information of the different
interface of the sample to image [13], so as to obtain the internal
section information of the sample. The amplitude imaging
method is expressed as

do € (d1,d,) (2)

Where Sy, (x, y) is the terahertz signal set at dy depth within the
sample, and its size is x X y; Seample (%, ¥, do) is the terahertz
signal set at different depths, and its size is x x y X (dy — d,); dy,
d, are distances between the upper surface and the lower surface
of the sample and the detector respectively, and d, are values
according to the actual detection requirements.

Sdq (X, y) = SSumple (.X, Vs do) s

IMAGE DENOISING ENHANCEMENT
BASED ON WAVELET UNSHARP MASKING
AND GUIDED FILTERING TECHNOLOGY

Wavelet transform is a time-frequency analysis method of signal,
which has good time-frequency localization analysis ability and
multi-resolution analysis function, and can distinguish the abrupt
part of signal and noise in different decomposition layers, so it is
suitable for analyzing non-stationary signals and extracting the
local characteristics of signals [14]. Terahertz detection signal is a
typical non-linear and non-stationary signal, so this paper uses
the hard threshold shrinkage denoising method based on discrete
wavelet transform to pre-denoise the original terahertz detection
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FIGURE 2 | Block diagram of terahertz image processing method based
on wavelet unsharp masking and guided filtering technology.

signal, and filter out the high-frequency noise in the detection
signal. After the first high frequency denoising, the guided
filtering technology which can further denoise and keep the
edge information of the image well is introduced to filter the
image after wavelet denoising. In order to better enhance the
texture detail region of the output image, the sharpened image of
the unsharpen masking is used as the guidance image to guide
and filter the image after wavelet denoising again; Through the
gain and superposition of the detail layer and the base layer
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obtained after filtering, the purpose of improving the contrast of
terahertz detection image and enhancing the resolution of image
detail is achieved. The block diagram of the method in this paper
is shown in Figure 2.

In the first step, the hard threshold shrinkage denoising
method based on discrete wavelet transform is used to
perform high-frequency denoising preprocessing on the
original terahertz detection signal I, and the terahertz
detection signal I,, that filters out most of the high-
frequency noise is obtained; In the second step, the
amplitude imaging method is used to image the detection
signal I,, after wavelet denoising, and the preliminary
terahertz detection image P, is obtained; In the third step,
the guided filtering technique with the image P,, after wavelet
denoising as the guidance image is used to filter its own image
to obtain the detail layer P,; At the same time, the unsharp
masking based on mean filtering is applied to the denoised
images P, to get the sharpened image Pg; The fourth step is to
use the sharpened image P; as the guidance image, to repeat
the guided filtering operation, and obtain the base layer P,; In
the fifth step, the detail layer P, and the base layer P, are
gained and superimposed to obtain the terahertz detection
image P,,; with improved contrast and enhanced detail and
edge information. In order to further obtain the detection
image with better visualization effect, the pseudo-color
mapping of image P, is carried out by using the color
lookup table method, and the contrast and resolution of
the imaging image are enhanced by stretching the contrast
and adjusting the scale data range and color scale of the
mapping, so as to obtain the final detection resulting image.

Hard Threshold Shrinkage Denoising
Enhancement Based on Discrete Wavelet
Transform

For a square integrable function f(f) € L*(R), w(t) is the
continuous wavelet generator function, v, () is the
continuous wavelet basis function, and the continuous wavelet
transform of f (t) is defined as

+00 -b
Hy(a,b) = f(t),y,, () = a? J_ f(t)l//(tT)dt , a>0
(3)

Where Hy(a,b) is the result of f(¢) continuous wavelet
transform, a is the scale factor, b is the time shift factor, and
vy (-) is the conjugate of the wavelet generating function. Taking
a=a),b=a)k (j is the discretization index, k is the
discretization coefficient, j,k € Z), the two are discretized, and
the discrete wavelet transform can be defined as

+00

Hy(j,k) =<f (1), v, (1)) =ao ’%J f Oy (ay’ - k)dt (4)

—00
Where Hf (j, k) is the result of discrete wavelet transform of f (¢)
[15, 16].

In the detection of the sample under test, the detected signal
usually contains certain noise, which can be considered as
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Gaussian white noise. The signal containing noise can be
simply expressed as follows

®)

Where y; is the signal containing noise, f ; is the ideal noise-free
signal, z; is the doped noise, § is the noise level, and 7 is the
sampling length. The essence of signal denoising is to use the
different characteristics of signal and noise to extract noise J - z;
from noise containing signal y; and restore the ideal signal f;.
For the ideal effective signal, it is continuous in the time domain.
Therefore, after the discrete wavelet transform, the energy of the
effective signal is mainly concentrated in the low frequency
subband, and the modulus of the generated wavelet coefficient
would be relatively large. For Gaussian white noise, there is no
continuity in the time domain, showing a strong randomness.
Meanwhile, after conducting discrete wavelet transform, it also
has a strong randomness, thus the energy of noise in wavelet
domain is mainly concentrated in the high frequency subband,
often still think of the Gaussian white noise, produced by the
modulus of wavelet coefficient will be relatively small. Based on
the above characteristics, the wavelet coefficients corresponding
to noise are still satisfy the Gaussian white noise distribution.
According to the definition of standard deviation and variance of
random signals, the standard deviation of signals reflects the
dispersion degree from each point in the discrete signal to the
mean value of signals. Therefore, this paper proposes to take the
standard deviation of wavelet coefficients of noise containing
signals under the decomposition of each scale of discrete wavelet
transform as the threshold to reflect the distribution range of
noise wavelet coefficients to a certain extent.

Define the scale function ¢ (t) € L? (R) by an integer multiple
translation k to get ¢, (t), then

P () =9t -k) , keZ

If space V= Span{(po’k(t)} is defined by a signal linearly

yj:fj+5'zj’ j=1,...,n

(6)

expressed by signal ¢, (¢), then V, is called a closed signal
space of ¢ x (t).By translating and stretching the scale function, a

new scale function ¢ ik (t) is obtained, which is expressed as
9 (t)=2"9(2t~k), jeZ, keZ (7)

Similarly, the newly closed signal space spanned by ¢, (t) is

9 ()=V;= stan{%k(t)}

= Span{2it@(2it-K} , jeZ , keZ (8)
k

After further derivation of the scale function ¢ ik (t), the multi-

resolution analysis equation corresponding to the scale function

coefficient is obtained, and the expression is

9(t) =) holk]- V29 (2t — k) )
k

The equation shows that different scale functions correspond to
different ho[k] [17, 18]. When the noise containing signal
¥i € V41, the noise containing signal can be expressed as
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yi=Y cilkl @ (6)+ Y dilk] -y, () (10)
k k
Among them, there is
cilkl =y (1)), dilk]l = Cyoy () (11)

According to the multi-resolution analysis equation
¢, =Y ho [n]-\/f(p(Zt —n) of the scale function, we can obtain
k

@i ()= ho[n—2k]- ¢, (1) (12)
Then there is
cilkl = i @y (0 = D holn =2k - (yin 9,1, ()
=) holn—2k] - ¢ [1] (13)

Similarly, according to w(t) =Y hi[n]-v2¢ (2t —n), the
wavelet coefficient d;[k] at each scalé' and each decomposition
layer can be obtained as

d;lk] = ) hi[n—2K] - cju[n] (14)

Set the standard deviation of the wavelet coefficient d;[k] as
threshold U, and the expression is

y f(zhl[n—zk]-c,ﬂ[m) :
Z‘(me—uqum>—q‘" ﬂ (15)
" q

q=1 M

1

U=
M-1

where M is the number of wavelet coefficients of the noise
containing signal under the decomposition of each scale of the
discrete wavelet transform.

According to the characteristics of Gaussian distribution,
setting the wavelet coefficient within the threshold range to
zero can suppress the interference of noise to the maximum
extent, namely, the effect of hard threshold function. Therefore,
this paper selects the hard threshold function to carry out the
hard threshold shrinkage denoising process for the wavelet
coefficient of the noise containing signal. When the absolute
value of the wavelet coefficient of the noise containing signal is
less than the set threshold, it is made to be zero; otherwise, it
keeps unchanged. After shrinkage denoising, the wavelet
coefficients are reconstructed and restored to the terahertz
detection signal, and the amplitude imaging method is used
for imaging processing to obtain the preliminary terahertz
detection image.

Guided Filtering

Guided filtering [9-11] is a filtering method with good
performance in image denoising, defogging and detail
enhancement. Its core idea is to guide the input image
through a guidance image based on the local linear model, so
that the overall contour feature of the output image is similar to
that of the input image, and the texture detail region is similar to

Enhancement of Composite Materials’ Image

that of the guidance image. The output image g can be expressed
as follows

q= fguider(P>I’r>£) (16)

Where p is the input image, i.e., the image after wavelet denoising,
I is the guidance image, r is the size of the filtering window, ¢ is the
regularization parameter, r and ¢ can be determined by empirical
value. In this paper, 7 is 3 and ¢ is 0.64. The assumption between
output image q and guidance image I is as follows : there is a linear
relationship in local window wy centered on pixel v, and the output
expression of a pixel can be expressed as

qi=gJdi+o,, View, (17)

Where i corresponds to the pixel index in the local window, g,
and o, are linear coefficients in the window. By calculating the
derivative gradient on both sides of the above equation, Vg = gVI
can be obtained. It can be seen that when the input guidance
image has gradient in a certain region, the output image will also
maintain the corresponding gradient. Therefore, the guided filter
has good edge preservation performance while smoothing the
background. In order to obtain the optimal solution of g, and o,,
it is necessary to retain the effective information of the input
image p as much as possible in the output image g. Even if the
difference between the two is the smallest, the method is usually
to introduce the minimization cost function and minimize it to
solve the optimization problem. E(g,,0,) is the minimization
cost function, and the expression is as follows

E(gw Ov) = Z [(gVII +0,— pi)z + Sgi]

icw,

(18)

Where eg? is the penalty term, ¢ is used to prevent g, too large
regularization parameters. The Eq. 18 is solved by linear
regression model to minimize it, and the optimal solution of
gv and o, can be obtained as

wi 2 Lipi-th, Py
, = i€w, 19
9 ol+e (19)
0, = Py~ gl (20)

Where y1, and o are the mean value and variance of pixels in local
window w, of the guidance image, |w| is the number of pixels

contained in w,, and p, = ﬁ Y pi is the mean value of image p

icw,

to be filtered in the window. When using Eq. 19 to calculate the
linear coefficient, the g, and o, calculated in different window w,
are obviously different, which can be solved by averaging the
values obtained from g, and o,, so the output image can be
expressed as

— (ngi+0v) :EL“FE (21)

g = -1 0, = L i
Where g; = i Y gvando; = Tl Y. o, are the average of linear
vew. vew,

coefficients of all local windows under the same pixel index.
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Guided Filtering Based on Unsharp Masking

Unsharp masking [19, 20] is a common sharpening enhancement
technique. Its basic principle is that the high frequency part of the
image is obtained by subtracting the original image from the
blurred image that is obtained by low-pass filtering, and then the
high frequency part of the image is gained and superimposed with
the original image to obtain the resulting image with enhanced
details and edges. The unsharp masking process can be expressed
as follows

i) = fG)+Ox{fG)-LPIfGAL (22

where f (i, j) is the original input image, LP is the low-pass filter,
( is the gain coefficient of high-frequency details, and I (i, j) is the
enhanced output image.

In this paper, the mean filter is selected as the low-pass filter
smoothing filter, and the mean filter template with a size of 3 x 3
is generated to conduct convolution filtering on the image after
wavelet denoising, so as to obtain its blurred image. According to
the principle of unsharp masking, the difference operation
between the original image and the blurred image is used to
obtain the mask image, that is, the image reflecting the detail
information of the image. After { factor multiplication of the
mask image, it is superimposed with the original image to obtain
the sharpened image with enhanced detail and edge information
in the image after wavelet denoising, so as to achieve the effect of
image sharpening. Using this linear unsharp masking method to
process the terahertz detection image can get better sharpening
effect. While the sharpness of the details is improved, the smooth
region in the original image is not affected and preserved. Finally,
the sharpened image of unsharp masking is used as the guidance
image to conduct the guided filtering on the image after wavelet
denoising, so that the texture details in the image after wavelet
denoising are similar to those in the guidance image.

Image P,, after wavelet denoising is processed by guided
filtering technology with its own image P,, and sharpened
image P; as the guidance image, the detail layer P, reflecting
the image detail information and the base layer P, reflecting the
image contour are obtained. The obtained detail layer P,, and the
base layer P, are superposed with the gain of § and y coefficients
respectively, and the terahertz detection resulting image P,,,; with
improved contrast, enhanced detail and edge information is
obtained. The process can be expressed as follows

Py =B XP,+yxP, (23)

Where P, is the output terahertz detection resulting image, f3
and p are the gain coefficients, P,, is the detail layer, and P, is the
base layer.

IMAGING SAMPLES, EXPERIMENTAL
METHODS AND IMAGE PROCESSING

Sample Introduction and Experimental
Setup

Polymethacrylimide foam composites are heat-resistant
composites with the highest strength and stiffness to weight

Enhancement of Composite Materials’ Image

ratio. As the core material of sandwich structure,
polymethacrylimide foam composites are widely used in
aerospace, shipbuilding, military and other fields [21]. As one
of the three major polymer materials, rubber has high elasticity
than metal, high mechanical strength and good bending
resistance. Because of its unique properties, rubber is widely
used in medical and health, power communication, civil
engineering and other fields [22]. Glass fiber reinforced
composites are widely used in the bearing and electromagnetic
wave transmission structures of unmanned aerial vehicles due to
their excellent strength-weight ratio, aerodynamic performance
and microwave permeability [23]. With the increasingly wide
application of the above composites, the demand for its quality
control, nondestructive testing and evaluation is also increasing.
In the process of preparation and application, the above
composites will be affected by external forces and temperature
variations, resulting in internal defects such as cracks, voids and
adhesive debonding, affecting the normal use of composite
materials, and when the damage reaches a certain level, it will
even cause a catastrophe [24], so the accurate detection of
composite materials has important practical significance.

Polymethacrylimide Foam Sandwich Structure
Composite Material

In this paper, aramid fiber paper honeycomb and
polymethacrylimide foam composites were used to combine
into sample 1 (the actual photos, defect location and size,
structure diagram were shown in Figure 3). The sample was
composed of thin aramid fiber paper honeycomb with thickness
of 4.0 mm, two layers of polymethacrylimide foam with thickness
of 4.3 mm and aramid fiber paper honeycomb with thickness of
40.0 mm, which were bonded to each other by epoxy resin
adhesive, and two layers of Teflon films with diameters of 10.0
and 6.0 mm and thicknesses of 0.1 mm were used to prefabricate
the adhesive debonding defects of different sizes in the sample.
The locations of the two adhesive debonding defects were shown
in the green mark in Figure 3.

Rubber and Glass Fiber Reinforced Composite
Sandwich Structure

Sample two rubber and glass fiber reinforced composite sandwich
structure (the actual photos, defect location and size, structure
diagram were shown in Figure 4). The sample consisted of a
rubber of 10.0 cm x 10.0 cm in size and 5.0 mm in thickness and a
glass fiber reinforced composite of the same size and 13.0 mm in
thickness. The two were bonded to each other by epoxy resin
adhesive, and three delamination defects with a length of 4.2 cm
and a depth of 2.0 mm were prefabricated in the glass fiber
reinforced composite. The locations of the defects were shown
in the yellow block in Figure 4.

Polymethacrylimide Foam and Polyvinyl Chloride
Sheet Sandwich Composite Material

Sample 3 polymethacrylimide foam and polyvinyl chloride sheet
sandwich composite material (the actual photos, defect location
and size, structure diagram were shown in Figure 5). The sample
was composed of two layers of 43mm in thickness of
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FIGURE 3 | The actual photos, defect location and size, structure diagram of aramid fiber paper honeycomb and polymethacrylimide foam sandwich composite
material. (A) the actual photo (top view), (B) the actual photo (side view), (C) the diagram of defect location and size (top view), (D) the diagram of defect location and
size (side view), (E) the structure diagram.

polymethacrylimide foam and a layer of 2.0 mm in thickness of
polyvinyl chloride sheet, which were also bonded with epoxy
resin adhesive, and Teflon films of 10.0 and 3.0 mm in diameter
and 0.1 mm in thickness were respectively used to prefabricate
the adhesive debonding defects of different sizes in the sample.
The locations of the two adhesive debonding defects were shown
in the green mark in Figure 5.

Experimental Setup

In this paper, when the 150-220 GHz high frequency terahertz
frequency modulated radar imaging system was used for
imaging detection of the above composite materials, in
order to reduce the system noise and make the detection
images clearer, all samples were placed near the focal plane
of the detection system and detected by one-way point-by-

point scanning. In order to further improve the detection
accuracy of the detection system, the minimum detection
accuracy of the stepper motor for the adhesive debonding
defect in sample 1 with a diameter of 10.0 mm was set as
2.0 mm x 2.0 mm, and the minimum detection accuracy of the
stepper motor for the adhesive debonding defect with a
diameter of 6.0 mm was set as 1.0mm X 1.0 mm; The
minimum detection accuracy of the stepper motor was set
as 1.5mm x 1.5 mm for the delamination defects in sample
two; the minimum detection accuracy of the stepper motor for
the adhesive debonding defect in sample 3 with a diameter of
10.0 mm was also set as 1.5 mm x 1.5 mm, and the minimum
detection accuracy of the stepper motor for the adhesive
debonding defect with a diameter of 3.0 mm was set as
1.0 mm X 1.0 mm.
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FIGURE 4 | The actual photos, defect location and size, structure diagram of rubber and glass fiber reinforced composite sandwich structure. (A) the actual photo
(top view), (B) the actual photo (side view), (C) the diagram of defect location and size (top view), (D) the diagram of defect location and size (side view), (E) the structure
diagram.

Image Processing Results and Analysis

After the imaging detection of the above composite materials, the
amplitude imaging method was used to image the obtained terahertz
detection signal, and Gaussian filtering and the method proposed in
this paper were used to denoise and enhance the terahertz detection
image. When the hard threshold shrinkage denoising method based
on discrete wavelet transform was used to denoise the original
detection signal, for the adhesive debonding defect with a
diameter of 10.0 mm in sample 1, “sym4” was selected as the
wavelet denoising combination with 3 layers of decomposition

layer, and “sym5” was selected as the wavelet denoising
combination with four layers of decomposition layer for the
adhesive debonding defect with a diameter of 6.0 mm; For the
delamination defects in sample 2, “sym5” was selected as the
wavelet denoising combination with two layers of decomposition
layer; For the adhesive debonding defect with a diameter of 10.0 mm
and the adhesive debonding defect with a diameter of 3.0 mm in
sample 3, the combination of wavelet denoising with “sym5” as the
wavelet basis and the decomposition layer of 3 layers was selected for
hard threshold shrinkage denoising.
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Sample1: Imaging Results Analysis

The imaging results of each method for the adhesive debonding
defect in sample 1 with a diameter of 10.0 mm are shown in
Figure 6, and the imaging results of each method for the
adhesive debonding defect with a diameter of 6.0 mm are
shown in Figure 7. Firstly, according to the observation of
the original detection images of two different sizes of the
adhesive debonding defects, no matter the diameter of
6.0mm or 10.0 mm, the adhesive debonding defects could
not be effectively identified, only part of the defects could be
vaguely observed, and the defect edges are blurred, the imaging
contrast is not obvious, and the resolution of small targets is
poor. Theoretically, the color distribution of the background
region of the detection image should be relatively uniform, while
there are differences in the color distribution of the background
region in the actual detection image, with obvious noise
distribution, which affects the quality of the detection image.
The main reason for this phenomenon is that the energy loss of
terahertz wave propagating in the measured sample is serious,

and the effective reflection signal received by the detector is
weak, which leads to the effective signal being submerged by
noise, thus reducing the signal-noise ratio of the detected signal
and reducing the imaging effect. Then observe the results of
Gaussian filtering processing, although the use of this method
can suppress the background noise of the detection image to
some extent and enhance the contrast of the image, but the
denoising is not complete, the background region still exists
obvious noise distribution, unable to accurately identify the
prefabricated adhesive debonding defects. Furthermore, the
problem of signal distortion appears after filtering with this
method, so that the effective defect information has been
damaged. Finally, the results of the method proposed in this
paper show that the recognition effect of the prefabricated defect
region is significantly better than that of other methods. The
prefabricated adhesive debonding defects are all effectively
identified, and the details such as the edge of the defect are
enhanced, and the contrast with the background region is
improved. In addition, the noise in the background region of

Frontiers in Physics | www.frontiersin.org

84

November 2021 | Volume 9 | Article 750588


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Lietal Enhancement of Composite Materials’ Image

50 30
A . 30 B 7
o 28
2
E 25 240 26
K 2
c
K 'gao 24
20 o 22
()
£ 2
15 820
2 18
‘S o
c 5 16
: 10 g1
E 14
E z
5 L) 12
0 10 20 30 40 50
Number of d points(pieces)
C =%
| M3
240 Y ) . 30
2
£ Q,“.\ 2
a
S 20
15
20 -
R 10
‘s - ~
810 _— — 5
0
z
0 5
0 10 20 30 40 50
Number of dp (p )
FIGURE 6 | Image of processing results of each method for adhesive debonding with a diameter of 10.0 mm in sample 1. (A) image of original detection, (B)
Gaussian filtering, (C) method in this paper.

20 B 20
15 X
3 15
2
10 E
[=]
2 10
L
5
5
0
5 £ o
10 b 5

30 40 50 60 70 80
Number of scanned points( )

\ )

C

10 20 30 40 50 60 70 80
Number of scanned points(pieces)

FIGURE 7 | Image of processing results of each method for adhesive debonding with a diameter of 6.0 mm in sample 1. (A) image of original detection, (B)
Gaussian filtering, (C) method in this paper.
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FIGURE 9 | Image of processing results of each method for adhesive debonding with a diameter of 10.0 mm in sample 3. (A) image of original detection, (B)
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TABLE 1 | Contrast results of image objective indexes between original image and images with different methods (Bold numbers indicate the optimal value for each set of

data).

Detection image Index

SD
Adhesive debonding defect with diameter 10.0 mm (Sample 1) MG
IE
EG
LC
SD
Adhesive debonding defect with diameter 6.0 mm (Sample 1) MG
IE
EG
LC
SD
Delamination defect with depth of 2.0 mm (Sample 2) MG
IE
EG
LC
SD
Adhesive debonding defect with diameter 10.0 mm (Sample 3) MG
IE
EG
LC
SD
Adhesive debonding defect with diameter 3.0 mm (Sample 3) MG
IE
EG
LC

the image is significantly suppressed. Different from the
Gaussian filtering method, the effective defect information is
retained while filtering out the background noise of the image.

Original image Gaussian filtering Method in this paper

3.0047 2.7121 3.6210
0.0459 0.0198 0.0557
6.6520 3.1218 6.7522
2.8653e+04 5.3570e+03 4.2509e+04
36.6725 35.0706 54.6020
2.9775 2.2973 13.9005
0.0264 0.0135 0.0481
6.7008 3.1171 8.9169
2.8306e+04 7.4000e+03 9.4433e+04
9.6327 10.1058 76.1488
6.6101 4.9137 13.3256
0.0618 0.0306 0.1055
7.7592 4.1788 8.6975
6.5960e+04 1.6507e+04 1.9495e+05
2.4933 1.9407 2.7272
2.4363 2.0684 8.7838
0.0275 0.0130 0.0308
5.6032 2.2544 7.3732
2.5453e+04 5.6940e+03 3.1882e+04
24.6274 23.8015 98.5350
1.3442 1.6127 2.6318
0.0067 0.0080 0.0094
5.3768 2.0963 6.2558
6.3414e+03 9.2660e+03 1.2713e+04
36.3572 34.4890 79.1244

Sample2: Imaging Results Analysis
The imaging results of each method of the delamination defects
with depth of 2.0 mm in sample two are shown in Figure 8. Firstly,
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the original detection image of delamination defects is observed. It can
be seen that the prefabricated delamination defects can be identified by
the original detection image, but the edge of the defect is blurred, the
detail resolution needs to be improved, and the background region
also has obvious noise distribution, which affects the quality of the
detection image. After observing the results of Gaussian filtering
processing, it can be seen that this method has a certain denoising
effect, but the denoising effect is not obvious, there is still some residual
noise, and the defect edge is still blurred, and the overall sharpness of
the detection image is poor. Finally, by observing the results processed
by the method in this paper, it can be seen that the overall sharpness of
the detection image greatly improved, and the details such as the edge
of the prefabricated delamination defects have been significantly
enhanced. Moreover, the background noise of the detection image
has been effectively suppressed, and the contrast between the defect
and the background region has been improved, which is helpful for the
accurate identification of internal defects.

Sample3: Imaging Results Analysis

The imaging results of each method for the adhesive debonding
defect in sample 3 with a diameter of 10.0 mm are shown in
Figure 9, and the imaging results of each method for the
adhesive debonding defect with a diameter of 3.0 mm are shown
in Figure 10. Firstly, the original detection images of different sizes of
adhesive debonding defect in sample 3 are observed. It is found that
the prefabricated adhesive debonding defect with diameters of 10.0
and 3.0 mm could be vaguely identified in the original detection
image, but the edge of the defect is blurred and the contrast with the
background area is low. In addition, the background region of the
image also has obvious noise distribution, which needs further
denoising and enhancement to improve the contrast of the
detection image and enhance the edge of the defect and other
details. By observing the detection image after Gaussian filtering,
it can be seen that the prefabricated adhesive debonding defect
recognition effect has been improved to some extent, the noise in the
background region has been well filtered, and the contrast between
the defect and the background region has also been improved to
some extent. However, the detection image becomes blurred after
Gaussian filtering, and the detail resolution of the small target also
needs to be further improved. Finally, through the observation of the
results processed by the method in this paper, it can be seen that the
detection images of two kinds of adhesive debonding defect have
been greatly improved in the overall sharpness, contrast and defect
edge details. The prefabricated two kinds of adhesive debonding
defect can be well recognized, and the background noise of the
detection image has been effectively suppressed. While filtering out
the background noise, the defect information is effectively retained.
Compared with the original detection image and the image after
Gaussian filtering, the image quality is better.

OBJECTIVE EVALUATION OF RESULTING
IMAGES

In order to accurately evaluate the image processed by each
method, this paper also uses five objective evaluation indexes,

Enhancement of Composite Materials’ Image

namely standard deviation (SD), mean gradient (MG),
information entropy (IE), energy gradient (EG) and local
contrast (LC), to objectively evaluate the image processing
results [25-27].

Standard Deviation

Standard deviation refers to the degree of dispersion of image pixel
gray value relative to the mean value. If the standard deviation is larger,
it indicates that the gray scale in the image is more dispersed and the
image quality is better. Its calculation formula is

1 R
GrR2 2 (F

1 j=1

MQ

(24)

i

where G and R represent the sizes of the image, F (i, j) represents
the gray value of pixel F (i, ) corresponding to image F, and u
represents the average gray value of all pixels in the image.

Mean Gradient

The mean gradient represents the ability of image to express
details, which is a measure of image sharpness. Usually, the
greater the mean gradient is, the more the details of the image
are, and the higher the sharpness is. The calculation formula of
the mean gradient is as follows

LS [ een), [of ]
“or L 2 \j[ dy 29
i=1 j=1
where f ( ) represents the gradient in the horizontal direction,
and %},” represents the gradient in the vertical direction.

Information Entropy

Information entropy is an effective method to evaluate
information content in images. For an image with gray scale
in the range of [0,L-1], the expression of information entropy is

-1

=) p(s)log, p(s) (26)
i=0

Where p(s;) is the probability of gray level s;, the greater the

information entropy indicates that the image contains more

details.

Energy Gradient

Image sharpness is an important index to measure the quality of
the image, which can better correspond to the subjective feelings
of people. The energy gradient can evaluate the image sharpness
in real time, and the greater the energy gradient value of the
image, the better the image sharpness. The definition of the
function is as follows

G
EG=)

x=

- fxy)

M=

(If(x+1)

._.
=
i

L

+f ey +1) = f(xp)]) 27)
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Where f(x,y) represents the gray value of image f at the
corresponding pixel (x, y).

Local Contrast
Thelocal contrast of the image can reflect the dynamic range of the gray
distribution of the image pixels. The larger the dynamic range is, the
higher the contrast is. The formula for calculating the local contrast is
Imax _ Imm
T+ o +.C @8)
X,y X,y
Where I and I ?‘}f‘ represent the maximum and minimum
pixel gray values in a sub-block centered on pixel (x, y),
respectively. In this paper, the size of the sub-block is 5 x 5.
In order to avoid the case of denominator 0, C is a smaller
constant with a value of 0.1.

The calculation results of objective evaluation indexes of
different methods are shown in Table 1. It can be seen from
the table that the standard deviation, mean gradient, information
entropy, energy gradient and local contrast of the five objective
evaluation index data are higher than the corresponding values of
the original detection image and the detection image after
Gaussian filtering. It shows that the method in this paper has
obvious advantages in contrast enhancement and level of detail
and sharpness improvement.

CONCLUSION

Aiming at the degradation phenomena of terahertz detection
images, such as low contrast, poor resolution of small targets
and blurred details, this paper proposes a novel method for
the enhancement of composite materials’ terahertz image
using unsharp masking and guided filtering technology.
Through the imaging detection of a variety of composite
materials, denoise and enhance the imaging by using this
novel method, the experimental results and evaluation results
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size on the basis of improving the contrast and detail
resolution of the terahertz detection image.
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In this study, we demonstrate an NbsNg terahertz (THz) detector with radio frequency (RF)
choke-enhanced dipole antenna structure for 0.3 THz detection. The maximum electric
field intensity of 218 V/m is obtained by optimizing the parameters of the dipole antenna
with RF choke. Compared to a dipole antenna without RF choke, the electric field intensity
of that with RF choke is improved by 2.6 times. The RF choke-enhanced dipole antenna-
coupled NbsNg THz detector is fabricated and characterized. The measured maximum
responsivity of the detector is 1100 V/W at 0.308 THz, and the corresponding noise
equivalent power (NEP) is 6.4 x 1072 W/Hz 2. The measured response time of the NbsNg
THz detector is as low as 8.46 ps. Furthermore, the NbsNg THz detector is applied to a
homemade THz transmission imaging system for demonstrating its performance. The THz
imaging results of a blade and access card show that the contrast of the blade image is
sharp and the components hidden within the access card are clearly visible. This indicates
that the NbsNg THz detector can be used in THz imaging, particularly in THz active
imaging, which will have greater application prospects.

Keywords: NbsNg microbolometer, THz detector, RF choke, antenna, THz imaging

INTRODUCTION

In recent years, with the development of science and technology, the terahertz (THz) waves have
attracted worldwide interest. THz technology is applicable in many fields such as physics, life science,
materials science, astronomy, information technology, and national defense security. THz detectors
are crucial components in terahertz technology, which have extensive application prospects in
spectrum analysis, medical imaging, radio astronomy, security checks, biosensing, etc. [1-6]. At
present, the research on uncooled THz detectors involve Golay cells [7], Schottky diodes [8], field-
effect transistors (FETSs) [9], and bolometers [10-12]. Among them, bolometers have been attracting
more and more attention because of easy fabrication, integration with readout circuits, high
sensitivity, low-noise equivalent power (NEP), wide response spectrum, and so on. To date,
several materials have been used as the bolometers, such as VO, [13-16], YBCO [17-19],
titanium (Ti) [20], niobium (Nb) [10, 21], platinum (Pt) [22], poly-Si [23], poly-Si-Ge alloys
[24], etc. Although polycrystalline VO exhibits a temperature coefficient of resistance [TCR = (1/R)
*(dR/dT)] ~ —2%/K] at room temperature, it undergoes a semiconductor-metal transition at ~ 67°C,
which reduces the dynamic range of the bolometer when working in the semiconductor phase [25].
Amorphous YBCO has been demonstrated as an uncooled bolometer, but its stoichiometric
composition is difficult to control, and the resistance and TCR are affected by the oxygen
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Pad

FIGURE 1 | (A) Schematic diagram of the planar dipole antenna on the Si substrate. (B) The location and size of the NbsNs film in the planar dipole antenna. (C) The
electric field intensity distribution of the half-wave dipole antenna with Ly = 164 um at 0.295 THz. (D) The electric field intensity varies with L in the half-wave dipole
antenna in the range of 0.25-0.35 THz. (E) The electric field intensity distribution of the full-wave dipole antenna with Ly = 404 pm at 0.301 THz. (F) The electric field
intensity varies with L4 in the full-wave dipole antenna in the range of 0.25-0.35 THz.
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concentration in films [26]. The low TCR value of metallic
materials (two orders of the magnitude lower than that of
semiconductors) results in low responsivity of detectors. In
polycrystalline Si and Si-Ge alloys, the resistivity can be
maintained sufficiently low by controlling the doping level,
although it limits the TCR to approximately 2.5-3%/K.
However, the processing of polycrystalline materials requires
temperatures as high as 650°C for achieving the desired
crystallinity [23, 24]. Therefore, it is desirable to combine the
advantages of both semiconductors (high TCR for high
responsivity) and metals (low resistivity) for the development
of fast and sensitive THz detectors.

The NbsNj films made in our laboratory exhibit a high TCR of
0.7%/XK, which is higher than that of metals [27-29]. In addition,

the resistivity of NbsNg (<5 x 107> Q cm) is considerably lower
than that of the other semiconductors, resulting in reduction of
the impedance in comparison with a-Si or VO, devices of the
same dimensions, which is advantageous to impedance matching
when integrated with planar antennas. Moreover, the NbsNg
films include other advantages, such as simple fabrication, low
cost, large area production, and easy control. Hence, NbsNg thin
films are promising candidate material for THz bolometer
detector at room temperature.

Generally, a THz bolometer detector consists of a THz
antenna and a thin film microbridge. As the key component
of the detector, the antenna plays an important role in coupling
THz radiations to the film microbridge; hence, the performance
of the detector can be improved by appropriately designing and
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optimizing the antenna structure. Radio frequency (RF) choke
structures are often used in the antenna design for improving the
antenna performance, such as bandwidth enhancement, multiple
band operation, gain enhancement, and radiation pattern shaping
[30-33]. Their functions are usually to provide direct current
(DC) bias and prevent RF signals from leaking to the bias
electrodes. Considering the feature of the RF choke, we
designed an RF choke-enhanced dipole antenna to improve
the performance of the NbsNg THz detector. Compared to
that without RF choke, the electric field intensity of the RF
choke-enhanced dipole antenna can be significantly improved.
In addition, we applied the NbsNg THz detector to a THz
transmission imaging system and studied the THz imaging of
a blade and access card.

Design and Fabrication

We choose 0.3 THz as the center frequency of the dipole antenna
for design and optimization, because it is located in the
atmospheric transmission window of THz signals, and its loss
is small in the atmosphere. To maximize the response of dipole
antenna under the 0.3 THz radiation, the antenna length must
match the effective wavelength of the surrounding media. The
length [ of the resonant antenna [34] is given by I = M/ /&7y,
where A is the free-space wavelength and e is the effective
dielectric constant; within the effective media approximation, €.
is the average of the dielectric constants of Si and air, which are 1
and 11.9, respectively. The calculated effective wavelength of the
dipole antenna on high resistivity Si is 394 um for 0.3 THz
detection. The geometry of the dipole antenna is depicted in
Figure 1A. The antenna was placed on a thermally oxidized Si
substrate with a period of 800 um x 800 um, located in the center
of the coordinate system. The thickness of the Si substrate, the
SiO, on the Si surface, and Au layer were 500, 200, and 200 nm,
respectively. A 200 nm thick Au layer was provided on the back of
the Si substrate as a Fabry-Perot (F-P) cavity to further enhance
the coupling efficiency of the antenna to THz signals. In the
simulation model, the X and Y directions were both set as
periodic boundary conditions, whereas the +Z directions were
both set as open (add space) boundary conditions. The plane
wave excitation was setup to simulate the normal incidence of a
uniform plane wave on the antenna and its incidence direction
was defined as along the Z-axis. As the wave polarized along the
X-axis was of our interest, we defined the plane wave excitation
amplitude of 1 V/m on the X-axis, while zero on the Y-axis and
Z-axis. An electric field monitor probe was placed in the center of
the antenna to detect the changes in electric field intensity of the
antenna structure (red point in Figure 1A). Therefore, the electric
field enhancement performance of the antenna could be obtained
by comparing the probe field strength with the plane wave
excitation amplitude. The length and width of the dipole
antenna were L; and 10 um. To integrate the dipole antenna
with the NbsNg microbolometer THz detector, the NbsNg film
was located in the center place of the antenna indicated by the
brown area in Figure 1B. The size of the NbsN film microbridge
was 3 um x 12 um, and the length of the transition area between
the film microbridge and dipole antenna was 10 um. The size of
the electrodes (pads) used for providing bias current to the THz

High-sensitivity Nb5N6 THz Detector

detector was set to 150 um x 300 um. According to microwave
antenna theory, the electric field intensity changes with frequency
are simulated when the length of the dipole antenna is
approximated half wavelength, as shown in Figure 1D. In the
0.25-0.35 THz frequency range, the electric field intensity initially
increases and then decreases with the increase of L,. The electric
field intensity attains maximum value of 75 V/m at 0.2945 THz
when L, is 164 pm. Figure 1C shows the electric field intensity
distribution of the half-wave dipole antenna near the surface of Si
substrate at 0.2945 THz when L; = 164 um. The electric field is
mainly distributed in the gap area of the half-wave antenna where
the NbsNg film is located. This shows that the Nbs;Ng film can
receive maximum THz energy from the antenna coupling.
Additionally, we also simulate the changes in the electric field
intensity of the full-wave antenna in the frequency range of
0.25-0.35 THz, as shown in Figure 1F. It can be observed that
as L; increases, the electric field intensity shows a trend of first
increasing and then decreasing. When L; = 404 um, the best
electric field intensity of the full-wave antenna is 85V/m at
0.301 THz. The electric field intensity of the full-wave antenna
is 10 V/m greater than that of the half-wave antenna. The electric
field intensity distribution of the full-wave antenna near surface
of Si substrate at 0.301 THz is shown in Figure 1E. Compared to
the half-wave antenna, the full-wave antenna has a higher local
field enhancement. It indicates that the full-wave antenna has
higher coupling efficiency to THz radiation signals. However,
there is also strong electric field distribution on the dipole
antenna and pads.

To further enhance the electric field intensity at the center of
the dipole antenna, an RF choke structure was employed to
prevent the coupled THz waves from leaking to the bias pads,
as depicted in Figure 2A. By optimizing the location and the size
of the RF choke, a maximum electric field intensity of 218 V/m at
the center of the dipole antenna with RF choke is obtained at
0.301 THz, as shown in Figure 2B. The optimized parameters of
the dipole antenna with RF choke are as follows: L, = 66 pym, W, =
30 um, and W, = 230 pm. Compared to the dipole antenna
without RF choke, the maximum electric field intensity is
improved by 2.6 times. The electric field intensity distribution
of the antenna with RF choke near the surface of the Si substrate
at 0.301 THz is displayed in Figure 2C. The antenna gap region
has greater local field enhancement due to the suppression effect
of RF choke structure. There is almost no electric field
distribution on the bias pads, and the electric field is mainly
concentrated between RF choke structures, which makes the
electric field intensity at the center of the dipole antenna
greater. When the RF choke-enhanced dipole antenna is
integrated with the NbsNs microbolometer THz detector, the
NbsNg film can absorb more THz energy, thus improving the
sensitivity of the device. Figure 2D shows the far-field radiation
patterns of the dipole antenna with RF choke in the E plane (Phi =
0°) and H plane (Phi = 0°) at 0.301 THz, with a maximum
directivity of 8.34 dBi. This indicates that the dipole antenna with
RF choke has a good property of receiving the normal incidence
THz waves according to the reciprocity principle.

The fabrication of the RF choke-enhanced dipole antenna-
coupled NbsNg microbolometer THz detector was implemented
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FIGURE 2 | (A) Schematic diagram of the dipole antenna with RF choke on the Si substrate. (B) The curve of the electric field intensity varies with the frequency of
the dipole antenna with or without RF choke. (C) The electric field intensity distribution of the dipole antenna with RF choke near the surface of the Si substrate at
0.301 THz. (D) The radiation patterns of the planar dipole antenna with RF choke at 0.301 THz.
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FIGURE 3 | The fabrication process of the NbosNg THz detector integrated with RF choke-enhanced dipole antenna.

using micromachining technique. The process flow is illustrated ~ magnetron sputtering, as shown in Figure 3A. The TCR of the
in Figure 3. The NbsNg film with a thickness of 120 nm was first ~ NbsNg thin film is —0.7% K" at 300 K. After the required pattern
deposited on the thermally oxidized Si substrate by using RE  was formed through micro-processing technology, 5 nm thick Ti
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FIGURE 4 | (A) Image of the fabricated antenna-coupled NbsNg THz detector. (B) SEM micrograph of the NbsNg air-bridge.
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membrane and a 200 nm thick Au membrane were deposited on
the formed pattern (Figure 3B) and the Ti membrane function
as an adhesive layer in this process. Further, the Au antenna
pattern was formed by using the lift-off technology, as shown in
Figure 3C. Subsequently, the NbsNy thin film was patterned
into NbsNg film microbridge using lithography and reactive ion
etching (RIE) technique (Figure 3D). The resistance of the
NbsNg microbolometer THz detector depends on the
dimensions of the NbsNg film microbridge. Finally, a
photoresist protection pattern was generated on the formed
pattern using the same lithography technique, with only two
open areas on both sides of the Nbs;Ny film microbridge
(Figure 3E). After the photoresist pattern was formed, the
SiO, layer on the surface of the Si substrate was dry-etched
through RIE to expose Si pattern only in the two open areas. The
RIE was performed in a gas mixture of CF, and O, at the total
pressure of 4Pa and RF power of 150 W for 3 min. The
optimized mixture ratio of CF, and O, was 30:10. The
opening formed on Si was further etched by using RIE to
create an air-cavity (Figure 3F). The etching conditions are
as follows: the flow of SFg is 40 sccm, chamber pressure is 8 Pa,
and the RF power is 70 W. The air-cavity was formed under the
NbsNp film microbridge with a SiO, supporting layer through
RIE etching, because the etching rate of Si was much higher than
that of SiO,. In the etching process of the Si air-cavity, we
adopted the technology of stepwise etching, etching for 3 min
each step, and etching for three steps in total. The advantages of
stepwise etching are that, on the one hand, it is conducive to
directly observe whether the air-cavity under the NbsN¢ film
microbridge is formed; on the other hand, when the air-cavity is
etched, the photoresistance on the surface of Si substrate will be
heated as little as possible to prevent it from solidifying, which is
conducive to the removal of photoresistance in the later stage.

The optical image of the fabricated RF choke-enhanced dipole
antenna-coupled NbsNg THz detector and the SEM micrograph of
an NbsNg air-bridge are displayed in Figure 4. The fabricated
NbsNg THz detector includes four main parts: a planar dipole
antenna, Au bias pads, an NbsNg film microbridge, and an etched
air-cavity. In Figure 4B, the NbsN film microbridge is thoroughly

freestanding from the Si substrate with a 200 nm SiO, support
layer. The SiO, layer mainly plays a role in preventing the NbsNg
film microbridge from fracture or collapse. The air-cavity isolates
the heat conduction between the NbsNg film microbridge and the
Si substrate, which further improves the sensitivity of the THz
detector. The DC resistance of the fabricated NbsNg THz detector
is 0.76 kQ.

CHARACTERIZATION OF THE NBsNg THZ
DETECTOR

Typical performance parameters of THz detectors are
responsivity (R) and NEP. Responsivity is related to the
efficiency of THz detector and is defined as the RF or optical
response for a given input power. It can be expressed as follows
[35, 36]:

R=—y 1
P (1)
A,
Pin = 1 : Pheam) (2)
Sbeam

where AU is the output voltage of the NbsNg THz detector, Py, is
the input power received on the effective area of the NbsNy THz
detector, and Speam and Ppean are the spot size and total power of
the THz beam at the focus, respectively. The measured total
power of the THz beam at the focus is 0.5 mW.

Measuring the power received by the detector is essential to
calculate responsivity and NEP, but this power is a function of
effective area A and impinging of received power density. The
effective area A.g is considered as the pixel area that effectively
captures the impinging power and it is a function of receiving
antenna directivity and signal frequency. Thus, if D is the
directivity of receiving antenna, the effective area of the THz
detector is given by [37, 38]

AZ
—. D,

4 (3)

Acff =
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FIGURE 5 | (A) 3-D image of the THz beam scanned by the NbsNg THz detector at 0.308 THz and (B) 2-D image of the THz beam in the focal plane.

where A is the signal wavelength. For a simulated value of D = 8.6 dBi
and free-space wavelength A = 0.97 mm at 0.301THz, a value of 0 —Simulated E e
Aegr = 0.516 mm? is obtained. 1 —=—Measured R,

To calculate the power on the effective receiving area of the 200
Nb;sNg THz detector, it is necessary to determine the spot size of E §
the THz beam on the focal plane. The spot distribution of the THz 2160 1 =
beam at the focus is scanned using the NbsNs THz detector. At a L;» E
scan range of 20 mm x 20 mm and the step size of 210 um, the Z 1201 2
measured spot distribution of the THz beam at the focus is = §_
depicted in Figure 5. Figure 5A is the three-dimensional = 80 g
distribution of the THz beam scanned by the NbsNg THz E =
detector. The ordinate denotes the normalized response 04
voltage value, and the X-axis and Y-axis denote the scanning
distance of the NbsNg THz detector, respectively. A scanned o - 7
image of the THz beam at the focus is displayed in Figure 5B. It 025 026 027 028 029 030 031 032 033 034 035
can be seen that the spot diameter of the THz beam is about Frequency (THz)
10 mm.

The used THz source is composed of AMC-336 frequency FIGURE 6 | Measured optical responsivity of the NbsNg THz detector in
multiplier produced by Virginia Diodes, Inc. (VDI) and Agilent the frequency range 0.25-0.35 THz.

E8251D signal generator. A low-frequency signal provided by the
signal generator is amplified by AMC-336 frequency multiplier
(WR2.8 VDI horn) to obtain the THz frequency in the range of
0.25-0.35 THz. The modulation signal of the signal generator is
1 kHz, which is input to the lock-in amplifier as a reference signal.
The maximum output power of THz source is about 0.5 mW
measured by a thermal power sensor (OPHIR, 3A-P-THz). The
THz radiation is focused to maximize the electrical signal of the
detector by two off-axis parabolic mirrors and the three-
dimensional displacement platform. The responses voltage of
the detector is read out by a lock-in amplifier (SR830). The
responsivity of the Nb5N6 array detector depends on its voltage
value and is calculated by Eqs 1-3. The measured optical voltage Vo
responsivity of the NbsNg THz detector varies with frequency, as NEP = ;;{'E,
shown in Figure 6. The resonant frequency corresponding to the

maximum optical responsivity of the NbsNg THz detector is where Vi is the voltage noise spectral density and R is the
0.308 THz, and the best optical responsivity is 1100 V/W. The  optical responsivity of the NbsNg THz detector.

measured responsivity varying with frequency is the same as the
variation trend of simulated electric field intensity with the
frequency. A small frequency shift is observed at the resonance
frequency. This deviation may be due to the approximate
simulation model, in which we neither considered the effect of
the air-bridge nor the size deviation in the fabrication process.

Besides the RF responsivity, the NEP is crucial parameter for
characterizing the sensitivity of THz detector, which can be
expressed as

(4)
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FIGURE 8 | Normalized response voltage of the NbsNg microbolometer
THz detector as a function of modulation frequency for the determination of
the thermal time constant.

The voltage noise spectral density of the NbsN¢ THz detector
was obtained using a spectrum analyzer (Agilent 35670A) and a
low-noise amplifier (LNA-SR560) with a voltage gain of 60 dB, as
shown in Figure 7A. The noise voltage of the NbsNy THz
detector increases with the bias current. Note that the 1/f noise
cross point also increases with the increase of the bias current. At
lower bias current (0 and 0.2 mA) and modulation frequencies
greater than 1 and 4 kHz, the noise spectrum tends to be constant
and the device is limited by the thermal noise (v4kTR), where k is
Boltzmann’s constant (1.38 x 1072*J/K), T is the Kelvin
temperature, and R is the DC resistance of the device. However,
at 0.6 mA bias current, the 1/f noise-decay increases to 12 kHz.

A 1000 B 70
— =0 mA T
—— ;=02 mA 60 9
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FIGURE 7 | (A) Measured noise voltage under different bias currents and (B) the calculated NEP as a function of the modulation frequency for the NosNg THz
detector.
= — This indicates that the low-frequency flicker noise (1/f noise) is
1.0 Curve Fit related to the bias current, as explained in [17]. The measured noise
1 voltage of the NbsNg THz detector with 0.6 mA bias current at
= 1 kHz is about 17 nV/Hz"?, and the NEP is 1.5 x 10™"" W/Hz'% As
0.8 4 1+ (2 T ) shown in Figure 8, the response voltages of the NbsN¢ THz detector
T =8.46 us are a function of modulation frequency of the THz radiation signals.

Therefore, the NEP of the NbsNg THz detector is also related to the
modulation frequency of the THz radiation signals. The measured
NEP of the NbsNg THz detector changes with the modulation
frequency at the bias current of 0.6 mA, as displayed in Figure 7B. It
can be observed that the NEP gradually decreases with the increase
of the modulation frequency. The NEP which tends to a constant
for the modulation frequency is greater than 10kHz, and the
minimum NEP of the NbsNg THz detector is 6.4 x 1072 W/
Hz'?at the modulation frequency of 12 kHz. The performance
comparison between the proposed NbsNg THz detector and other
published detectors is shown in Table 1. The table contains the
relevant performance parameters of THz detector published by our
research group and other research groups. Compared with other
detectors, the NbsNg THz detectors also have higher sensitivity and
will have greater supplication prospects in the THz imaging field.
Compared with our previous work [28], the optical responsivity and
NEP of the RF choke-enhanced antenna-coupled NbsNg THz
detector are increased by 2 times and 3 times, respectively.

The thermal time constant of the THz detector, which
determines the speed of image processing, plays an
important role in THz imaging technology. The shorter the
response time, the faster the image acquisition speed. The
measured normalized response voltage of the NbsNg THz
detector as a function of modulation frequency is depicted
in Figure 8. The normalized amplitude of the response voltage
decreases with the increase of the modulation frequency. The

measur can be well fitted by the formula
1/4/1 + (2mf7)% indicating that the detector is well described
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TABLE 1 | Performance comparison between the proposed NbsNg THz detectors and other detectors.

Detector Antenna types Detection frequency Responsivity (V/W) NEP (pW/Hz'"?) Reference
(TH2)
YBa,CugzO7.x THz detector Spiral antenna 0.4 70 50 [17]
Graphene FET THz detector Bowtie antenna 0.8 535 200 [39]
Graphene FET THz detector Dipole antenna 0.33 30 51 [40]
GaAs Schottky THz detector Bowtie antenna 0.22 1,650 3.6 [41]
NbsNe THz detector Double-slot antenna 0.65 113 44 [42]
Dipole antenna 0.28 580 17 [28]
RF choke-enhanced dipole antenna 0.3 1,100 6.4 This work
Z
X £—>Y NbsNg detector
Off-axis
Parabolic L
Mirror )
object E
E
&
Mechanical A
X-Z scanning
Current
source
AMC-336
THz source Voltage output
Data acquisition and
stepper motor control
Modulation frequency | Agilent E8251D Reference signal (1KHz) Lock-in | |
(1 KHz) signal generator amplifier
FIGURE 9 | Schematic of the developed imaging system with the NbsNg THz detector at 0.308 THz.

by the classical thermal model, where the bolometer is
represented by an absorber with heat capacity connected to
a thermal bath through a small thermal conductance. By fitting
the measured response voltage under different modulation
frequencies, the thermal time constant of the NbsNg THz
detector was determined to be 8.46 ps.

APPLICATION OF THE NBsNg THZ
DETECTOR

To demonstrate the feasibility of the NbsNg THz detector in
practical application, we applied it in a THz transmission
imaging system. Figure 9 shows the schematic diagram of the
transmission imaging system. A pair of off-axis parabolic mirrors is
used to collimate and focus the modulated THz radiation, a two-
dimensional displacement platform is used to move the object to
realize the scanning, the THz radiation signals transmitted through
the object are detected by the NbsNg THz detector, the final voltage
signals are readout from a lock-in amplifier (SR830) to the
computer, and the images of the objects are recovery from these
measured raw data without image modification.

Because of the low absorption of THz signals by plastics and
the complete reflection of THz signals by metals, THz imaging
technology is a very effective way for detecting metal or voids
in solid plastic products and other objects containing different
THz absorption coefficients. Two objects with different
characteristics were used to achieve their images at
0.308 THz with the developed THz imaging system, as
shown in Figure 10. The first object is a metal blade, and
the THz radiation will fully pass through it or not depending
on its shape, resulting in that the transmitted THz radiation at
different position has nearly the unity intensity. Figure 10A
shows the image of the blade; the red and the black parts
represent the areas where the THz radiation can and not
transmit, respectively. Details of the blade imaging, such as
the edges and irregular holes, are extremely clear. The second
object is an access card, whose components inside are more
complicated than the blade, resulting in transmitted THz
radiation at different part with different intensities.
Figure 10B displays the image of the components hidden
inside the access card, such as a coil and rectangular chip,
which can be observed clearly. These results indicate that the
performance of the Nbs;Ng microbolometer THz detector
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FIGURE 10 | Photographs and THz images of a metal blade (A) and access card (B).

integrated with RF choke-enhanced dipole antenna is good
from another perspective and it is sufficient for practical
applications.

CONCLUSION

The NbsNg THz detector integrated with RF choke-enhanced dipole
antenna was developed and demonstrated for 0.3 THz detection and
imaging at room temperature. The simulated electric field intensity of
the proposed RF choke-enhanced dipole antenna showed an
improvement of 2.6 times compared to that without RF choke. The
measured best optical responsivity of the NbsNy microbolometer THz
detector integrated with the proposed antenna was 1100 V/W and the
corresponding minimum NEP was 6.4 x 107> W/Hz"? at 0.308 THz
with 0.6 mA bias current. The response time of the NbsNg THz
detector was as low as 8.46 ps. The measurement results were in good
agreement with the simulation ones. Furthermore, a THz imaging
system based on transmission mode was developed using the proposed
detector, and the THz imaging of a blade and the access card was
investigated. The results show that the obtained THz imaging has high
resolution and a clear outline without any image processing. Especially,
through the analysis of the transmission image of the access card, its
internal structure could be clearly observed. It was demonstrated that
the proposed antenna-coupled NbsNy THz detector had high
sensitivity and fast response speed for THz imaging. The

development of large-scale detector arrays for terahertz imaging
using the proposed detector in this work is on the underway.
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High-performance terahertz (THz) imaging devices have drawn wide attention due to their
significant application in a variety of application fields. Recently, the upconversion device
based on the integrated homo-junction interfacial workfunction internal photoemission
detector and light-emitting diode (HIWIP-LED) has emerged as a promising candidate for
broadband THz upconversion pixelless imaging device. In this paper, systematical
investigations on the cryogenic-temperature performances of the LED part in HIWIP-
LED devices, including electroluminescence (EL) spectra and the EL efficiency, have been
carried out by elaborating the radiative recombination mechanism in the quantum well,
internal quantum efficiency, and the light extraction efficiency (LEE) both experimentally
and theoretically. On this basis, we have further studied the operation mode of the HIWIP-
LED and concluded that the LEE could directly determine the upconversion efficiency. A
numerical simulation has been performed to optimize the LEE. Numerical results show that
the device with a micro-lens geometry structure could significantly improve the LEE of the
LED thereby increasing the upconversion efficiency. An optimal upconversion efficiency
value of 0.12 W/W and a minimum noise equivalent power (NEP) of 14 pW/Hz'? are
achieved using the micro-lens structure together with anti-reflection coating. This work
gives a precise description of cryogenic LED performance in the HIWIP-LED device and
provides an optimization method for the broadband HIWIP-LED THz upconversion
pixelless imaging device.

Keywords: broadband upconversion, THz pixelless imaging, light extraction efficiency (LEE), internal photoemission
(IPE), light-emitting diode (LED)

INTRODUCTION

Up-converting long-wavelength infrared (IR) light to shorter-wavelength radiation has attracted
more attention and has been intensively explored in the last two decades thanks to its tremendous
potential in low-cost and large-format IR/terahertz (THz) imaging, high-efficiency solar cells, and
sensitive biological imaging [1-4]. Among many upconversion methods, semiconductor up-
conversion technology is extremely competitive due to its compactness, high efficiency, flexible
and adjustable response frequency, and full compatibility with semiconductor manufacturing
processes [4]. This idea was proposed and realized by H. C. Liu in 1995 with an integrated up-
conversion device comprising a quantum well IR photodetector (QWIP) and a light-emitting diode
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(LED) [5]. The IR signal at the range of 8-12 um was first detected
by the QWIP, and then the produced photocurrent was injected
into the active region of the LED resulting the extra near infrared
(NIR) emission under bias voltage [5, 6]. When used for a large-
format imaging device, the integrated device converts the
incoming IR image into an outgoing NIR or visible image
which then is captured by a Si charge-coupled device (CCD).
There is no separate pixel in this imaging scheme, and this
pixelless imaging technology could realize large-format two-
dimensional IR imaging easily without the need for the Si
readout integrated circuits (ROIC) on the chip and without
the need for the hybrid bonding process. This imaging method
also avoids the thermal mismatch problem between the focal
plane array (FPA) chip and Si ROIC in the large-format hybrid
QWIP FPAs at cryogenic temperatures [6].

Variable upconversion devices have been realized at the ranges
of the NIR, mid-infrared (MIR), and THz based on the concept of
integrated photodetector and LED [7-13]. At MIR range, the
QWP-LEDs are well developed, and a high-temperature
resolution for the n-type QWP-LED of 60 mK was successfully
realized [14]. In contrast, the relative backwardness of the THz
upconversion pixelless imaging demands great effort and further
exploration. Due to the diffraction limit and the limitation of low-
temperature operation, the THz FPAs based on photon-type
detectors has not made significant progress so far. The
pixelless imaging provides a good alternative for photon-type
THz imaging. THz QWP-LED prototype device was successfully
fabricated to upconvert the 4.2 THz radiation from a quantum
cascade laser into an 830 nm NIR emission in 2016 [9]. However,
the edge coupled optical coupling geometry adopted in the device
to excite the intersubband transition caused a severe distortion of
the imaging QCL spot. Therefore, this THz QWP-LED pixelless
imaging device is far from an optimization for the thermal
imaging. The upconversion device based on the homo-
junction interfacial workfunction internal photoemission
(HIWIP) detector and LED allows normal incidence excitation
and realizes a broadband (4-20 THz) THz to NIR upconversion
[15]. However, the current limiting factor for this imaging scheme
is the low upconversion efficiency. In fact, the problem of low
upconversion efficiency also plagues almost all III-V compound
semiconductor based upconversion devices. The upconversion
efficiency of the MIR or THz upconverter are all below the level of
0.01 W/W [15-17], which greatly restrains the efficiency and
quality of the pixelless imaging. How to improve the
upconversion efficiency is an urgent problem for HIWIP-LED
pixelless imaging devices. And in the past, people paid more
attention to the room temperature performance of LEDs. The
performance of LEDs at extremely low temperatures (<20 K) is
not particularly clear.

In this paper, we present the experimental results of the LED
in the HIWIP-LED device at different temperatures and provide
the explanation of the variation of temperature-dependent
emission spectra by numerically solving the Schrodinger
equation. The internal quantum efficiency and light
extraction efficiency (LEE) of the LED are determined using
a developed rate equation method, which reveals that the low
LEE is the main reason to cause the low upconversion efficiency

Optimization of THz Upconversion Imaging

of HIWIP-LED. The device structure and operation mode of the
HIWIP-LED are investigated systematically to further elaborate
the upconversion mechanism, bias voltage distribution, and the
primary determinant of the upconversion efficiency. Finally, a
numerical simulation is carried out to improve the LEE of the
LED portion, and the results show that the upconversion
efficiency for HIWIP-LED could be enhanced one order of
magnitude using the micro-lens structure LED. This work
makes us have a clearer understanding of the low-
temperature performance of HIWIP-LED and provides
theoretical guidance for the experiments to improve
upconversion efficiency.

DEVICE AND UPCONVERSION PRINCIPLE

The device structure of HIWIP-LED is shown in Figure 1A,
which consists of a GaAs-based HIWIP detector and an InGaAs/
GaAs/AlGaAs quantum well LED directly grown by molecular
beam epitaxy (MBE). The active region of the p-type GaAs
HIWIP detector consists of 20 repeats of p-GaAs (doped with
Be to 3 x 10'® cm™)/i-GaAs (emitter layer/intrinsic) layers with
emitter layer and intrinsic layer thickness of 80 and 15 nm. The
quantum well LED structure is 9 nm Ing;GagoAs quantum well
sandwiched by 40 nm intrinsic GaAs. On either side of the GaAs
are 80 nm AlxGal-xAs barriers in order to enhance the carrier
confinement effect and increase the internal quantum efficiency
of LED. The top AlGa;  As grading barrier (x = 0.02—0.1)
doped with Si to 2.5x 10"*cm™ cladding the active region of
the LED. The bottom Al,Ga; ,As barrier is a constant barrier with
an aluminum component of 2%. This barrier is also the intrinsic
connection layer between the HTWIP and LED to avoid the lateral
diffusion of the photo-generated carriers. At the top of the device
is 50 nm n-GaAs (doped with Si to 2.5 x 10'*cm™) layer covered
with narrow ring contact formed by deposition of Pd/Ge/Ti/Pt/
Au using electron beam evaporation. The bottom contact is
300 nm p-GaAs layer (doped with Be to 3 x 10'%cm™) covered
with common p-contact of Ti/Pt/Au. The devices were
fabricated using standard photo lithographic techniques.
Then the samples were mounted on the 14 pin packages and
placed into the cryostat for cryogenic measurements. The
upconversion could be realized by applying a bias voltage
higher than the turn-on voltage of the LED and with the top
contact being grounded. Under such conditions, the THz
photons were first detected by the HIWIP part. Then the
photocurrent will drive the LED to emit NIR photons which
could be detected by the Si CCD.

Figure 1B reveals the micro-mechanism of the upconversion
process of the HIWIP-LED. THz absorption occurred in the
emitter layers of the HIWIP followed by the transportation of the
photo-generated carriers. The photo-excited carriers are injected
into the Iny;GagoAs quantum well for recombination and
emitting NIR photons under the external electric field. The
measured cryogenic (3.5K) emission spectrum of the LED
portion and the photocurrent spectrum of the HIWIP portion
in the upconversion device are displayed in Figure 1C. There are
two emission peaks in the LED electroluminescence (EL)
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FIGURE 1 | (A) Device structure of HIWIP-LED. (B) Micro-mechanism of the upconversion process of the HIWIP-LED: THz absorption occurred in the emitter layers
of the HIWIP followed by the transportation of the carriers. The photo-excited carriers are injected into the quantum well for radiative recombination. (C) The measured
cryogenic emission spectrum of the LED portion and the photocurrent spectrum of the HIWIP portion in the upconversion device at 3.5 K.

A ELI (a.u.) B
10000 —4-6K GaAs InGaAs
~250 ST 12K @
% — 20K
o 1000 ~ —30K )
= 3 Fif i
£ & 2x10* Tl
= 100 =
) —
E. =
ﬁ 10 1x10*
1 0 : T T ;
870 880 890 900 910 920 860 870 880 890 900 910
Wavelength (nm) D Wavelength (nm)
& Output Power (nW) ELE (W/A)
100 100 ; 0.035
< <« 0.030
g 0 g
=10 =10 - 0.025
E 0 g
5 5 0.020
: 10° : 1
= = 0.015
o 102 @)
qza o 1 ?:“ o 0.010
S 10 S 0.
& & 0.005
10° 0.000
100 150 200 250 50 100 150 200 250
Temperature X) Temperature (K)

FIGURE 2 | (A) Electroluminescence (EL) spectra with a drive current of 0.5 mA at different temperatures of the LED part. (B) EL intensity for the LED part with
0.5 mA drive current at a temperature below 50 K; also shown in the inset is the quantum well structure and interband transition of the LED. (C) The experimental
variation of the output EL power of the LED with the bias and temperature. (D) The mapping result of the EL efficiency (ELE) as a function of drive current and temperature.

spectrum, which is due to the complexity of the valence band in ~ response frequency at 18 THz. The deep valley around 8 THz
the Ing;Gag9As quantum well and will be discussed in detail in is the Reststrahlen band of GaAs. The small valleys at the range
the following section. The photocurrent spectrum presents a  from 9 to 20 THz are associated with the multiple phonon
broadband response range from 4 to 20 THz with a peak  absorption.
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PERFORMANCE OF THE LED IN HIWIP-LED

The EL spectra with a drive current of 1 mA at different
temperatures of the LED part are presented in Figure 2A,
which are measured using a fiber spectrometer (Ocean optics
QE65PRO) with the same integrated time. There are two
luminescence peaks at 873 (peak 1) and 887 nm (peak 2) at
the temperature below 50 K. Peak 1 rises with the increasing of
the driven current and presents a red-shift effect as the
temperature increases. We attribute the red-shift behavior to
the energy gap decreases due to the Varshni effect. Peak 2 has no
position shift, and the intensity decreases with the temperature
increasing. What is more interesting is that there exists a
competition between peakl and peak 2 as is shown in
Figure 2B. As the temperature increases from 4.6 to 50 K, the
intensity of peak 1 increases and peak 2 decreases. The
luminescence wavelength of the intrinsic recombination of the
GaAs barrier is at about 816 nm (the band gap of the GaAs is
1.519eV at 4.6 K). But the observed EL peaks are all above the
wavelength of 816 nm, which indicates they all originate from the
InGaAs quantum well. In order to understand the luminescent
property of the LED, we calculated the band structure of the
Ing1Gag9As/GaAs quantum well by solving the Schrodinger
equation using the plane wave expansion (PWE) method [18, 19]:

n o 1 0
{‘75 [m—() a‘] *V"W(z’*VH(Z)+V’“‘Z)}9"(Z)
=e9(2) M

where m* is the electron effective mass, h is the reduced Planck
constant, Vo is the stepwise potential energy representing the
conduction band offset profile, Vi is the Hartree potential energy
obtained from Poisson’s equation, V.. is the exchange-correlation
potential energy which is given by the local density
approximation based on the density functional theory, ¢ is
z-direction envelope function, and ¢ is eigen-energy. The PWE
method is used for accurate calculation. The lattice mismatch
caused strain, and bias-caused Stark shift is neglected. The band
gaps of GaAs and Ing;GagoAs are taken as 1.518959 and
1.36495 eV at 4K, respectively. The ratio of conduction and
valence band offsets is set as 6:4. The effective masses of the
(my) and Dbarrier (my) are (mj = 0.05873my,
my, = 0.0916my) for electron, (mj, = 0.5myg, mj, = 0.51mq) for
heavy hole, and (m], = 0.0764mg, m; = 0.082m,) for light
hole, respectively, with m, the electron mass. Detailed PWE
method to self-consistently solve the Schrodinger equation
could be found in Supplementary Materials and Ref. [18].
According to our calculated results (inset of Figure 2B), peak 2
at 887 nm is related to the first conduction subband to the first
heavy hole subband transition (C; —» HH;) of the InGaAs
quantum well, corresponding to the calculated transition
energy of 1.3999 eV (885.7 nm). Peak 1 at 873 nm below 50 K
is from the first conduction subband to the first light hole
subband transition (C; — LH,;(876.88nm)) of the InGaAs
quantum well [the calculated transition energy is 1.414eV
(876.88 nm)]. At a low temperature, the C; —» HH, transition
dominates, which leads to a relatively stronger signal. As the

well
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temperature increases, C; — LH; becomes more significant and
dominates when the temperature is higher than 40 K. Peak 2
disappears rapidly as the temperature is higher than 77 K. We
attribute this behavior to the thermal excited transition between
the heavy and light holes, which results in a lower probability of
the C; » HH, transition. As the temperature further increases,
the intensity of peak 2 also decreases significantly. There are two
main reasons. First, the high temperature caused a relative lower
injection efficiency that the carrier could not be confined in the
well due to the serious thermal excitation. The other reason is that
as temperature increases, nonradiative recombination lifetime
decreases, including that of Auger recombination and
Shockley-Read-Hall (SRH) recombination. As a result, the
radiative recombination efficiency decreases at high
temperatures [20].

The experimental variation of the output EL power of the LED
with the bias and temperature is shown in Figure 2C. We find
that the output power increases with the drive current and
decreases with temperature. The electroluminescence efficiency
(ELE) is defined as output power divided by the drive current and
is proportional to the external quantum efficiency (EQE) of the
LED. The mapping result of the ELE as a function of drive current
and temperature is presented in Figure 2D, which indicates an
evident ELE drop when the temperature increases from 4 to 300 K
at any drive current. The ELE increases first and then decreases
with the drive current at the same temperature. The efficiency
drop with larger injection current is mainly caused by the increase
of the nonradiative recombination (SRH recombination and
Auger recombination) [21, 22]. The peak point of the ELE
shifts to lower current as temperature increases because the
nonradiative recombination increases sharply with temperature.

A rate equation analysis method developed by Ray et al. can
describe the injection current dependence of the LED external
efficiency explicitly by numerically solving the following
equation (23):

71» - 1 _ (ﬂmax) (1 + ’71] ) ﬂi]]max (2)
' 2] Wmax]max V nmux

where 7; is the internal quantum efficiency (IQE), ] is the injection
current density, and #,ax and Ji,y are the maximum value of IQE
and the corresponding injection current density (see the
Supplementary Materials for ABC model and rate equation
analysis method). Figure 3A shows the injection current
density-dependent internal efficiency of the LED at 30, 50, and
77 K, respectively. The fitting results from rate equation analysis
method indicate the maximum IQE of 93%, 95%, and 87.5% at the
temperatures of 33, 50, and 77 K, respectively. Using this method,
the #,,4, and corresponding J,,,, at different temperatures are
given in Figure 3B. The 7,,,, at low temperatures are relatively
lower than that of higher temperature mainly because of the
incomplete ionization of the doping acceptor Be. The J,,,,, values
at low temperature also indicate the need for a larger injection
current to realize the #,,,, owing to the incomplete ionization.
The inset of Figure 3B also presents the measured external
efficiency of the LED at different temperatures with the same
injection current (500 nA), which agree well with the integrated
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calculated light extraction efficiency (LEE) at different temperatures. (D) Calculated upconversion efficiency with a bias voltage of 1.8 V.

EL results. If we neglect the influence of temperature, the LEE of
the LED is calculated to be about 2.5% at temperature below
100 K (Figure 3C) from the relation of #, =7, - LEE - hv/e,
where h is the Planck constant, v is the frequency of the
emitted photon, and e represents the elementary charge. The
injection efficiency of the carrier in the rate equation analysis
method is assumed to be equal to 100%. When the temperature
is higher than 100K, the calculated LEE decreases sharply
mainly because of the lower injection efficiency at high
temperature. The result of the upconversion efficiency
(Figure 3D) with a bias voltage of 1.8 V was calculated from
the equation ., =y p - 11 pp = R+ 7; - LEE - hv/e, where Ris
the responsivity (or detection efficiency) of the HIWIP part. The
peak upconversion efficiency is 1.14 x 107> at 18 THz.

THEORETICAL OPTIMIZATION OF LED

In order to improve the energy conversion efficiency of the
HIWIP-LED, we should have a greater awareness of the
operation principle of the HIWIP-LED. Figure 4A shows the
calculated band diagram across the layer structure of the
HIWIP-LED upconversion device under the bias of 0 and 3V,
with the top contact being grounded. The calculation was carried

out under the assumption that the band alignment of the
heterostructure (GaAs/Al,Ga;  As or GaAs/InGaAs) follows
Anderson’s electron affinity rule and the TCAD-based approach
is used. We find that the applied bias voltage drops mainly across
the LED part, and then the additional bias voltage goes to the
HIWIP part. This feature gives rise to a turn-on behavior of the
HIWIP-LED device, which is in good agreement with the observed
results in the previous experimental measurement [15].

The calculation results of the valence band diagram under
different bias voltage are displayed in Figure 4B. It is evident that
little bias falls across the HIWIP side when the applied bias
voltage is lower than 1.5V, which is equal numerically to the
turn-on voltage in the p-i-n structure of the LED. This feature is
clear in the larger version of the LED band diagram, which
indicates that the applied bias first overcomes the depletion
region of the LED and then the other portion of the bias is
applied to the HIWIP portion. It should be noted that we did not
take the incident radiation into account during the calculation,
but the conclusion is still valid when the device is illuminated by
the THz radiation. Indeed, the HIWIP is a photoconductor so
that the THz excitation of the detector will decrease the resistance
of the HIWIP and thereby increase the bias voltage dropped
across the LED portion, leading to an increase in the LED
emission intensity. Since there is no internal electrical gain
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inside the HIWIP-LED, the upconversion efficiency could be
expressed as 7 = Hypyp - M. Where nprwip is the detection
efficiency of the HIWIP and 7, is the external efficiency of the
LED. One solution to improve the upconversion efficiency of the
HIWIP-LED is to enhance the responsivity of the HIWIP part.
However, the resonant cavity enhanced method [24] or bottom
mirror enhanced method [25] for the single HIWIP detector is
not suitable for the integrated HIWIP-LED device. The resonant
cavity or bottom mirror will block the passage of light to the
HIWIP part. Most importantly, the photon recycling in the cavity
will cause severe distortion of the image. Optimization of the
internal structure of the HIWIP may be an alternative approach
to improve the detection efficiency [26]. But the thickened active
region of the HIWIP may cause lateral diffusion of the carrier
thereby inducing serious influence on imaging quality. Another
way to improve the upconversion efficiency is to make the LED
more efficient. According to the analysis of the preceding context,
the internal efficiency of the LED could reach as high as >90%.
But the LEE of the LED is only about 2.5%, which is mainly
caused by the reflection at the semiconductor-air (GaAs/air)
interface. As is shown in Figure 4C, the critical angle at the air/
semiconductor interface is only about 16° corresponding to the
escape probability of the emitted photon which is only 1.3%
predicted by Snell’s law [20]. The difference between the
experiment and the calculation is mainly caused by the
internal photon recycling. A dramatic increase of the LEE
could be realized by optimizing the photon recycling process
[27, 28], but at the same time the quality of the images will be
significantly reduced [15]. In contrast, the most direct and
effective method to improve the LEE is to change the shape of
the semiconductor/air interface and include the use of roughened
or textured semiconductor surfaces.

It has been reported that artificial nano- or micro-photonic
structures or textured structures on the top of optoelectronic
devices can help with light coupling [29, 30]. Wet chemical
etching and photoelectrochemical etching can be used to create
a substantial amount of surface roughness on III-V
semiconductors. These etches are always crystallographic in
nature, which makes the textured surface display pyramid-
like structures. Both of the nano-pyramid and micro-pyramid
have been widely used in photovoltaics, and the pyramid
structure is proposed as both the light-trapping and
antireflection technique to enhance the solar photon
absorption of Si- or GaAs-based solar cells [31]. Conversely,
if the textured surface or pyramid structure was used in light-
emitting devices, the LEE will be significantly improved.
Another coupling approach is the micro-lens on the top of
the LED, which is also widely used in commercial LEDs as
miniaturized extractors. The advantage of the micro-lens is that
the critical angle increases from a small value to near 180°, and
the influence of the internal total reflection is greatly reduced.
Here, we carried out the 3D optical simulations with finite
difference time domain (FDTD) method to calculate the LEE for
devices with different geometries (micro-pyramid arrays and
micro-lens arrays). Meanwhile, for the sake of comparison, the
planar device structure and the planar structure with SiO, anti-
reflection optical coating (thickness of the SiO, film is set as a
quarter of the emitted wavelength) were also modeled (see the
Supplementary Materials for simulation parameter settings
and descriptions). The LED devices with different geometries
are shown in Figures 5A-D, below which are the cross-sectional
electric field intensities (|E|) for the corresponding geometries.
The wavelength of the dipole source is set as 870 nm, and the
periodic boundary condition is used.
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FIGURE 5 | The schematic diagram of the LED device with different geometries, also showing the corresponding optical distribution for the same dipole source with

a certain wavelength of 870 nm. (A) Planar structure. (B) Planar structure with SiO, AR coating. (C) Micro-pyramid structure. (D) Micro-lens structure. (E) The calculated
LEE as a function of the emitting wavelength for the devices with different geometries. (F) Optimization results for the pyramid and micro-lens structure. The feature size
corresponds to the bottom side length of the pyramid or the radius of the hemi-sphere-like micro-lens.
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It is easy to see that most of the light is confined inside the
planar device in Figures 5A, B, which exhibits the |E| intensity for
the device with SiO, anti-reflection optical coating, which
presents a little enhancement of the LEE, although the result is
not obvious. Figure 5C shows the |E| intensity for the device with
the micro-pyramid arrays geometry; apparently the LEE of the
device is improved, and more photons could escape from the
active region of the LED. Figure 5D displays the |E| intensity for
the device with the micro-lens arrays geometry; the significantly
enhanced radiative propagation means that a large number of the
photons could be extracted out of the device and the LEE is
greatly improved. The calculated LEE as a function of the
emitting wavelength for the devices with different geometries
is shown in Figure 5E. The simulation periods are set as 4 pm for
all the geometries, and the bottom side length of the pyramid and
the radius of the hemisphere-like micro-lens are set as 1 um. The
simulation results reveal that the anti-reflective (AR) coating
contributes a little to the LEE. The maximum LEE is improved
five times in the micro-pyramid structure at the wavelength of
970 nm. And the micro-lens structure improves the LEE by one
order of magnitude compared with the planar structure. For a
certain emitting wavelength (870 nm), the pyramid and micro-lens

structure should be optimized to maximize the LEE. Figure 5F
gives the optimization results for the pyramid and micro-lens
structure. The feature size corresponds to the bottom side length of
the pyramid or the radius of the hemisphere-like micro-lens. The
duty ratio for the pyramid (bottom side length to the period length)
and micro-lens (diameter to the period length) are set as 100% and
50%, respectively. The micro-lens 100% represents the duty ratio
which is set as 100%. It could be found that the micro-lens with a
radius about 1 um and a 50% duty ratio can effectively enhance the
LEE, which increases to a factor of 2.5 compared with the pyramid
structure. If the AR coating was applied in the micro-lens structure,
the LEE will be further improved.

On the basis of the above simulation, the upconversion efficiency
for the devices with different geometries could be determined. The
calculated upconversion efficiencies for the devices with planar
structure, micro-pyramid, micro-lens, and micro-lens combined
with AR coating are shown in Figure 6A. We can find that the
upconversion efficiency for the device with the micro-lens structure
and SiO, AR coating is improved by an order of magnitude compared
with the planar structure. The noise equivalent power (NEP) is a figure
of merit for photodetectors. Figure 6B shows the calculated NEPs
under different bias voltages at 3.5 K for the upconversion imaging
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system with the optimal micro-lens structure and SiO, AR coating
using Eq. 3.
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where #g; is the quantum efficiency of the Si CCD at the
luminescence wavelength of the LED; #;pp is the external
quantum efficiency of the LED, which is determined by the
internal quantum efficiency and the LEE simultaneously; e is
the elementary charge; gy is the gain in the HIWIP; iy, is the
background photocurrent of the 300 K radiation; i, is the
device dark current; Af is the system measurement
bandwidth; and iz, ; is the dark current of the Si CCD.
The first item of the above equation is mainly determined by
the HIWIP detector, the second item is mainly determined by
the LED, and the last two items are mainly determined by the
Si CCD.

The detailed calculation of the NEP could be found in the
Supplementary Materials and Refs. [15, 32]. The bias voltage
range start from the value of 1.4V corresponds to the turn-on
voltage of HIWIP-LED. We can find that the NEPs for all
frequencies are almost below the level of 100 pWHz "/? and
the optimal value is about 14 pWHz ' at 18.4 THz in the
bias range of 1.5-1.8 V. This value is close to the minimum
NEP of the single HIWIP (12.4 pWHz " [15]) and about one-
half smaller than that of the HIWIP-LED device with planar
structure (about 29 pWHzfl/ 2 [15]).

CONCLUSION AND OUTLOOK

In this paper, we have reported a systematic investigation on the
cryogenic-temperature performances of the LED part in
HIWIP-LED devices, including EL spectra and the EL

efficiency. Numerical calculations have been carried out to
elaborate the radiative recombination mechanism in the
quantum well and explain the internal quantum efficiency as
well as the LEE. On this basis, we have further studied the
operation mode of the HIWIP-LED and concluded that the LEE
is the determining factor of the upconversion efficiency. Then, a
numerical simulation has been performed to optimize the LEE.
The calculated results show that a device with the micro-lens
geometry structure could significantly improve the LEE of the
LED thereby increasing the upconversion efficiency. An optimal
upconversion efficiency value of 0.12 W/W and minimum NEP
of 14pW/Hz'"? are achieved using the micro-lens structure
together with anti-reflection coating. This work not only
gives the experimental results and theoretical explanations of
LEDs at low temperatures but also clarifies that for a given
upconversion device, the most direct way to improve the
upconversion efficiency is to increase the LEE at the LED
portion. The surface micro-lens coupling structure we
proposed can increase the upconversion efficiency of HIWIP-
LED by an order of magnitude, and the corresponding imaging
performance NEP can be reduced to one-half of the previous
value, which is a good improvement. Our theoretical work
provides guidance for the experimental research of pixelless
imaging. In addition, the working mechanism of the
upconverter and the method of improving upconversion
efficiency clarified in this article are also applicable to other
MIR or NIR upconversion devices based on III-V compound
semiconductors. This means that the efficiency of MIR and NIR
upconversion devices and corresponding pixelless imaging
performance will also be further improved, which is
important for the development of larger area, higher
resolution, and low-cost IR and THz imaging devices.
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Compared with other typical terahertz (THz) detectors, the quantum-well photodetector (QWP)
has the advantages of high detection sensitivity, fast response, mature fabrication, small size, and
easy integration. Therefore, it is suitable for high-speed detection and imaging applications at the
THz band. Researchers, both domestic and overseas, have systematically studied material
design and device performance of the THz QWP. The design of the device is such that the peak
frequency error is within 8%, the maximum peak responsibility is 5.5 AW, the fastest response
speed is 6.2 GHz, the best noise equivalent power is ~107'8 W/Hz%®, and the spectrum range is
2.5-6.5 THz. In this article, firstly the basic principles and theoretical calculations of the THz QWP
are described, and then the research progress of the THz QWP in our research group at imaging
and communication is reviewed, which looks forward to its future development.

Keywords: terahertz detection, terahertz imaging, terahertz communication, terahertz, terahertz quantum-well
photodetector

INTRODUCTION
1 Terahertz Quantum-Well Photodetector

Terahertz (THz) waves are electromagnetic waves falling between the millimeter and infrared [1, 2]
spectrum as shown in Figure 1. This region ranges in frequency from about 0.1 to 10 THz
(30-1000 pm). It has the advantages of strong dielectric penetration and weak ionization. It has
a broad application prospect in material research, environmental monitoring, nondestructive testing,
medical diagnosis, wireless communication, and other fields.

1.1 Working Principle

THz detectors have been studied since 1960s [3]. THz quantum-well photodetector (QWP) is the natural
expansion of quantum-well infrared detector (QWIP) at the THz band [4-7]. The THz QWP material
system is GaAs/AlGaAs, which is usually composed of many quantum wells. When THz wave radiation is
incident on the THz QWP, the electrons in the bound state of the quantum well absorb THz photons and
transit to the continuous state, forming a photocurrent under the external bias voltage, so as to complete the
detection of the THz waves [8]. Compared with the QWIP, the energy between the bound and the
continuous state in the THz QWP is just 20 meV, and the doping in the quantum well is lower, which
directly leads to the decreasing absorption efficiency and the responsibility. In 2004, H.C. Liu and coworkers
[9] developed a quantum-well detector working in the THz band by reducing the barrier height and doping
in the quantum well. Reference 40 used the THz QWP to demonstrate THz communication. Professor Hu
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FIGURE 1 | The spectrum of THz wave [2].

Qing, an authoritative expert in the THz field at the Massachusetts
Institute of Technology, believes that THz QWP may improve the
speed and sensitivity of THz imaging. The main problem of the THz
QWP [10, 11] is that the energy difference between the first bound
sub-band in the quantum well and the quasi-continuous state is less
than 30 meV. The signal-to-noise ratio (SNR) of the device needs to be
improved by limiting the thermally excited electrons, such that the
device needs to work at a low temperature (<20 K). According to the
differences in the active structure, internal charge distribution, and
carrier transport mode of the detector, the QWP is divided into
photoconductive detector and photovoltaic detector. The active region
and conduction band structure of the photoconductive THz QWP are
shown in Figure 2.

1.2 Theoretical Design
Due to the high degree of freedom of the multiparticle system, the
many-body effect can only be approximated [12, 13]. Considering
the interaction between electrons, we established on the basis of
density functional theory, combined with the local density
approximation (LDA), meanwhile considering including
exchange self-energies effect, depolarization-shift effect, and
excitonic effect, between the depolarization and exciton
interaction contributes to the optical many-body effect. The
many-body effect is an electronic collective effect. When the
wavelength is extended to the THz region because of the small
carrier transition energy involved in the detection process, the
influence of the many-body effect cannot be ignored, which needs
to be considered during device design.

The THz QWP design needs to satisfy the following Equation
(9) [14], [15]:

1) The Schrodinger equation is as follows:

nwd 1 d
S dzm (2 EW(ZHV(Z)V/(Z):EW(Z), (1)
V(z) =V (2) + Veu (2) + Vi (2), (2)

where, V (z) is the original potential distribution without extra
electric field and doping:

V=0

Vi =0.67 x 1.247x = 0.12532eV’ @)

Vo(z) = {

Ve (2) in Equation 2 is the potential distribution caused by the
extra electric field.

Vor(@) = lelF (Lo -2) = el x 2% (L -2) (@)
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where, F is the extra field intensity, e is the electron charge, and
L, = 52.4nm is the whole-period width. Vi (2) = —lel¢ (2), ¢ (2)
is the field potential caused by the doped impurities.

The Poisson equation is as follows:

d d
e [e(Z)d—Z]gO(Z) = —|e|[Np(2) = Na(2) + p(2) —n(2)], (5)

where, £(z) is the dielectric constant of the material,

1

where, ¢ is the dielectric constant of the material. n(z) and p(z)
are, respectively, the concentrations of electrons and holes. For
the type N-doped quantum-well structure, where Np(z) and
N4(z) are respectively the concentrations of donor impurities
and acceptor impurities; n(z) and p(z) are respectively the
concentrations of electrons and holes; concentration effect can
be ignored:

&o = 12.9¢,

ep = (12.9 —2.84x)¢ey = 12.474¢, ©)

;Z [s(z)%}p(z) = —le|[Np(2) - n(2)]

(7)
2) For the THz QWP (consider many-body), the Hamilton
function is as follows:

Hep b piVow @+ V@ + Ve (®)

2m’" (z)
where, p is the momentum, Vqw is the limited potential of the
well, Vy is the Hartley potential, and Vy. is the exchange
correlation potential; m’ is the effective quality of the
electrons. The expression of V. is as follows:

AlGaAs

N-GaAs

bias

FIGURE 2| THz QWP energy band structure. (A) No bias; (B) With bias.
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Considering the condition of the Schrodinger equation,

{

h* 0 1 0
20,

m’—(z) a—] + Vaw (2) + Vu (2) + Vi (Z)}q)l,kz (2)

= &k, Py, (2)
(10)

. . W2k
Electronic charge is Ex; = - 1 + €k

Electronic density is p,(z) = IeIZf(Ek,l,ep,T)lgol)kz ()%
ki
where, e is the electron, f is the Fermi distribution function,

and T is the temperature.

When the electron density is known, the Hartley potential
can be  obtained by  solving the  Poisson
equation aa—zVH (z) = £e(2) 4 (2)

72 €

In this study, researches were carried out based on the density
functional theory. When the energy dispersion relations and wave
functions can be obtained by Fermi’s golden rule, the relationship
between them is as follows:

e’

n(w) =

2
EyCNywm

dk .
ST
_f(Ek,j,SF, T)]S(AEH,O - hw)AEi,l,o

= AEi,z,o(l + otgo — ﬁk)m), Qo
z 2
J dz[ J_oo dz,(pkul(z/)(sz,O(zl)] ’ﬂk,l,o

, 20V [p(2)]
sz¢kz)l(z) Pi0(2) W

_2¢p,
B eAE k1,0

_ 2p:p

= (11)
AEg ;o

2 TERAHERTZ QUANTUM-WELL
PHOTODETECTOR IMAGING
TECHNOLOGY

Compared with electromagnetic waves in other bands, the THz
waves have many excellent characteristics, such as good
penetrability to nonpolar substances, characteristic spectrum
of biological macromolecules, and non-damage to human body
[15-21]. THz waves have been used for imaging applications
since 1990. The principle of THz imaging [22-26] is to obtain a
THz image of the sample by collecting the amplitude, phase, and
polarization information reflected or transmitted at different
positions of the sample, and transforming the collected THz
information into parameters that can reflect the physical and
chemical properties of the sample, then corresponding to the
spatial position parameters of the sample, combining with
image restoration technology. THz imaging has many
classification methods. According to the different ways of
acting on the sample, it can be divided into transmission
imaging and reflection imaging. According to the different
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FIGURE 3 | The fast scanning imaging system [27].

working modes of the THz light source, it can be divided
into continuous- wave imaging and pulse imaging. According
to the imaging speed, it can be divided into scanning imaging
and real-time imaging. According to whether the hidden wave
effect is considered, it can be divided into far-field imaging and
near-field imaging.

2.1 Imaging Modes

2.1.1 Scanning Imaging

Tan Zhiyong et al. from the Shanghai Institute of Microsystem
and Information Technology (SIMIT) developed the fast
scanning imaging system based on THz quantum devices [27].
The system used 4.3 THz quantum cascade laser (QCL) as the
THz light source and a high-speed THz QWP with matching
frequency. A rotating scanning platform was used to realize rapid
scanning of the sample (Figure 3), so as to improve the imaging
speed of the system. The system used a new pulse signal
acquisition method and a practical image restoration program
to obtain THz images of blades and shaving blades under
different shelters within 5s. In addition, the system also used
an image processing algorithm to deal with the noise problem
during practical application, which improves the quality of the
THz images.

2.1.2 Reflection Imaging

Wang Chang from SIMIT set up a reflective THz fast confocal
imaging system [28](Figure 4). The THz light source used was
43 THz QCL, with a THz QWP and fast-rotating translation
platform to complete the fast scanning imaging of the sample.
The imaging optical path adopts confocal microscopy. Two 200-
um pinholes were placed at the two conjugate focuses to filter out
the scattered light of the system and improve the spatial
resolution of the imaging system. Finally, lateral resolution
better than 110 um and axial resolution about 320 um were
achieved. The two-dimensional THz imaging of common
metal samples and toothpicks was carried out by using the
rapid confocal microscopy imaging system, and a high-
contrast image of the samples was obtained within 5. Finally,
using the high axial resolution of the system, three-dimensional
slice imaging of the sample was carried out. The imaging results
are clearly visible, and the thickness of the sample could be
measured.
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FIGURE 4 | The fast THz confocal microscopic imaging system [28].
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FIGURE 5 | The THz scanning near-field optical microscopic imaging
system [30].

2.1.3 Near-Field Imaging

Qiu Fucheng [30] established a scattering-type scanning near-
field optical microscopy system based on the THz QCL and THz
QWP. Using the self-developed THz QCL and THz QWP, the
low-bias continuous-wave THz QCL laser source module and
THz QWP high-sensitivity detection module were developed for
near-field microscopic imaging, and the scattering-type scanning
near-field optical microscopic imaging system was built. The
demodulation of the THz near-field signal was completed by
using signal high-order demodulation technology. The THz
imaging system with THz scattering-type scanning near-field
optical microscopy was used to image pure gold samples with
scratches. The minimum resolution of the system was calculated
to be about 200 nm (Figure 5).

2.1.4 Pixel-less Imaging
In 2016, Z.L. Fu et al. from SIMIT fabricated the THz frequency
up-conversion device (THz QWP-LED) formed by stacking THz

FIGURE 6 | (A) Set-up for THz pixel-less imaging system; (B) The focal
laser spots of THz QCL imaged by using THz QWP-LED [31].

QWPs and the light-emitting diode (LED) and using this device
for pixel-less imaging. The 45-degree coupled THz QWP-LED
imaging system is shown in Figure 6A The peak frequency is
5.2 THz, the peak responsibility is 0.22 A/W, the noise equivalent
power is 5.2 x 107> W/Hz’>, and the operating temperature is
3.5 K. The frequency point of THz QCL RF is 4.3 THz. Figure 6B
shows the imaging results of THz QWP-LED for THz QCL with
different laser powers. The imaging resolution is better than
0.05 mm; the SNR is better than 10,000; and the imaging time
is 1s. At present, the one-dimensional and two-dimensional
metal grating coupling devices with normal incidence have
achieved real-time imaging. The two-dimensional metal
grating coupling device can rapidly image the THz QCL laser
spot within 10 ps. The energy of the imaging spot is Gaussian
distribution, which is basically consistent with the results of long
imaging time. This experiment shows that the frequency up-
conversion device based on THz QWP has high-resolution and
high-speed imaging ability.

2.2 Imaging Applications
Terahertz is used in various imaging scenes, such as in
intelligence, security, crime detection, biology, and medicine
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FIGURE 7 | L3 security and detection systems [32].

[32-35]. At present, some THz passive imaging security products
have been released, such as the ThruVision series released by
Digital Barriers. It works at 0.25 THz; the detection distance is
4-10 m; and the imaging speed can reach 6 frames/s. The device
can effectively compensate for the limitations of slightly poor
light transmittance, macromolecules that cannot penetrate,
imaging contrast, and so on when visible light and X-rays are
used for imaging. The application of THz imaging can
supplement these disadvantages. THz waves have no
ionization  characteristics, and they can safely and
nondestructively detect the human body through clothing.
Therefore, these can be used for human security and the
security of some prohibited items (Figure 7), and also for the
identification of ancient cultural relics. The most popular is THz
tomography (THz CT), which can scan molecules such as
materials and samples.

In the field of medicine, THz radiation is used for low-energy,
nondestructive detection and minimizes radiation damage to the
human body. Compared with X-rays, THz waves do little damage
to cells and objects and can be applied for organ identification and
in gene research. They can also be used in dental treatment,
examination of skin cancer and other diseases, real-time imaging
in surgery, medical diagnosis, biomedical engineering, and other
medical fields.

In terms of environmental monitoring, THz waves can analyze
and characterize the chemical components of solid, liquid, gas,
and other states. It can also be used for pollutant detection, such
as compound leakage, problems caused by microorganisms, food
quality problems, and the detection of harmful substances in
decoration materials.

3 TERAHERTZ QUANTUM-WELL
PHOTODETECTOR COMMUNICATION

Terahertz waves have great potential in high spectrum
bandwidth, more information can be carried, low photon

audio signal b THz QCL ;
| :
DC voltage _,_.jx2m
;h amp e HP filter THz QWP J

FIGURE 8 | THz audio communication system [36, 37].
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FIGURE 9 | THz communication experiment demonstration system [38].

energy, and high security, which has the significant advantage
of the future communication to achieve ultra-wideband and high
rate [35]. Compared with microwave frequency communication,
terahertz for high-speed communications application has a very
rich frequency resource, has a workable bandwidth as high as
dozens of GHz, and is the sixth generation of carrier wave
communication technology.

In 2009, H.C. Liu group of the Institute of Microstructure
Science of the National Research Institute of Canada built a
THz communication system based on THz QCL and THz
QWP and realized audio signal transmission at 3.8 THz
frequency points. Other researchers also actively follow up
the wireless communication project research based on THz
QCL and THz QWP and carry out the demonstration
experiment of using THz carrier to transmit analog audio
signals with THz QCL as the transmitting source and THz
QWP as the receiver. The frequency point of THz waves is
4.1 THz. The communication system using THz QCL and THz
QWP as transmitter and detector, respectively, has great
development potential.

Tan Zhiyong from SIMIT demonstrated a wireless
transmission system of THz waves with a transmission
distance of 2 m (Figure 8) and detailed the circuit design of
the transmitter and receiver. The system uses THz QCL working
in continuous-wave mode as the transmitter and THz QWP as
the detector. By means of intensity modulation/direct detection,
we use this system to transmit analog signals such as sine wave,
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FIGURE 10 | Video display at transmitter and receiver [39].

triangle wave, and audio signal. The system is capable of
transmitting signals at a -3 dB cutoff frequency of about
750 kHz. Theoretically, both THz QCL and THz QWP have
modulation and detection bandwidths of tens of GHz if the circuit
design and packaging of the devices are optimized. But in our
experiment, the modulation bandwidth is mainly limited by the
external modulation circuit and a detection circuit.

Gu Li et al. from SIMIT used THz QCL and THz QWP
working in continuous mode to build the THz communication
system, as shown in Figure 9. In this system, the digital signal to
be transmitted from the signal generator is sent to the drive circuit
to drive THz QCL, and the radiated THz light is transmitted
through the optical path and is detected at the receiving end of the
THz QWP. The THz QWP converts the received THz light into
photocurrent of corresponding intensity, and the receiving end
circuit amplifies the photocurrent and converts it into voltage
signal, which is output in the oscilloscope.

The framework of the THz wave wireless communication
system with transmission distance of 2.2 and 6 m, using THz
QCL as transmitter and THz QWP as a detector, is presented
in Figure 10. The experimental results show that the rate of the
2.2-m communication system is less than 16 Mbps and the bit
error rate is 0. The rate is less than 22 Mbps, and the error rate
is less than 107> The rate of the 6-m communication system is
less than 8 Mbps, and the bit error rate of the transmission
system is 0. The maximum transmission rate can reach
14 Mbps. Meanwhile, the OOK modulation real-time digital
video transmission is realized by using the 2.2-m THz wireless
communication link platform. The transmission rate is
5Mbps, and the video signal transmission is stable. The
video picture can be played smoothly on the display screen
of both the transmitter and the receiver.
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