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Abstract: Terahertz (THz) imaging is a rapidly growing application motivated by industrial demands
including harmless (non-ionizing) security imaging, multilayer paint quality control within the
automotive industry, insulating foam non-invasive testing in aerospace, and biomedical diagnostics.
One of the key components in the imaging system is the source and detector. This paper gives a
brief overview of room temperature THz transceiver technology for imaging applications based on
the emerging resonant tunneling diode (RTD) devices. The reported results demonstrate that RTD
technology is a very promising candidate to realize compact, low-cost THz imaging systems.
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1. Introduction

Terahertz imaging has attracted extensive research interests driven by industrial
applications. The THz radiation between the frequency band 100 GHz to 10 THz of the
electromagnetic spectrum with corresponding wavelengths from 3 mm to 30 pm shows
exceptional properties including being non-ionizing (due to low photon energy) compared
with X-rays and so it allows for safe inspection of various organic materials such as
tissue and cells for biomedical applications [1,2]; it can penetrate materials such as fabrics,
cardboard, ceramic, and plastics, offering non-invasive detection of concealed metallic and
nonmetallic objects, such as plastic or liquid explosives, and contrabands [3-5]; and it has a
shorter wavelength compared with microwave frequencies, and so provides higher spatial
resolution which is particularly useful for structural defect detection such as inspection of
insulating foam used in aerospace [6], corrosion detection under paint [7], and multi-layered
paints thickness measurement in the automotive industry [8]. THz imaging provides these
unique features when other non-destructive methods like ultrasonic, infrared, or X-ray are
not applicable.

Until recently, the THz spectrum was referred to as the “THz gap” between microwave
and infrared due to the lack of compact low-cost sources and detectors. In recent years
with the advances in device technology, including precise semiconductor epitaxial layer
growth, reliable/traceable THz test, and characterization equipment, there are now many
electronic and opto-electronic devices that have started to bridge the THz gap and THz
systems are significantly improved in term of the system volume, complexity, and even
cost. The devices include Gunn diodes [9], IMPATT diodes [10], Schottky barrier diodes
(SBDs, for frequency-multiplication) [11], heterojunction bipolar transistors (HBT) [12],
resonant tunneling diodes (RTD) [13] and opto-electronic devices such as photo-mixing
diodes [14,15] and quantum cascade lasers (QCL) [16].

This paper will focus on THz transceiver based on RTD technology and emerging novel
compact RTD based imaging systems. It will provide an overview of the technology and
its capabilities. Though not well-known, RTDs are particularly interesting and potentially
useful because they are very compact, low voltage, low power demand, high output power
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and high power conversion efficiency [17]. They also offer a coherent source and coherent
detection; this is hugely important, especially for imaging layered structures.

The paper is organized as follows: the THz imaging system is first briefly introduced
in Section 2. Then the two key components of the system, the source and detector based
on RTD technology and recent breakthroughs, are described in Section 3. Examples of
RTD based THz imaging systems with non-destructive testing (NDT) applications and
experimental results are described in Section 4. Conclusions are given in Section 5.

2. THz Imaging

The current THz imaging systems fall into two categories: active and passive imaging.
Active imaging systems illuminate the target with a THz electromagnetic wave and acquire
the amplitude and phase information through reflection or transmission of the signal [6].
This enables the construction of two-dimensional (2D) or three-dimensional (3D) images
with high signal to noise ratio (SNR). In contrast, passive THz imaging captures the
radiation that is naturally thermally emitted by or scattered from a target [18]. These
two modalities have different characteristics such as contrast, resolution, dynamic ranges,
and SNR.

For active THz imaging, there are two different approaches: time domain (TD) and
continuous wave (CW). TD THz imaging is based on a femtosecond laser to generate ultra-
fast optical pulses and stimulate THz radiation (photo-Dember effect) from low bandgap
semiconductors such as GaAs, InGaAs, InAs, or GaAsBi [19,20]. The THz transient nor-
mally covers very broad bandwidth extending from around 100 GHz to a few THz [19] and
hence THz TD imaging can provide rich spectrum information for spectroscopy analysis.
However, the system requires a complex, delicate setup with a large footprint. In contrast,
CW systems probe the sample with single frequency or a narrow bandwidth signal. CW
imaging affords a compact, simple, and relatively low-cost system [21]. Since it does
not require complex optics such as those involved in pulsed THz TD system (THz-TDS),
and it does not require a time delay scan, the image information can be processed more
quickly [6,22] which is an important factor for real-time applications. One of the typical
pulsed TD and CW imaging systems is shown in Figure 1. By comparison, it can be seen
that the CW system significantly reduces the system complexity at the cost of adaptability
due to missing spectral information of limited bandwidth [22]. The CW THz system in-
volves many parts such as the source and detector, optical components such as lenses and
mirrors to collimate the beam, a signal processing algorithm to rebuild the image, etc. This
paper will only focus on the THz source/detector device technology by using the emerging
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Figure 1. (a) Schematic diagram of a pulsed TD THz imaging system. (b) Schematic diagram of a CW
THz imaging system.
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3. RTD THz Technology
3.1. RTD Device

RTDs are the highest frequency solid state electronic device with the fundamental
frequency approaching 2 THz [13]. Its main limitation was low output power, typically in
the microwatt range, but the technology is now producing THz powers in the milliwatt
(mW) range, and therefore starting to enable practical applications in imaging, multi-gigabit
wireless communication systems, and others [23-26]. A good review of the state-of-the-art
of RTD THz technology can be found in [27].

An RTD is a one-dimensional vertical transport unipolar two terminal semiconductor
device. Figure 2a shows the typical layer structure of an RTD in the InP-based material
system. The core of the device consists of a low bandgap semiconductor, in this case the
indium gallium arsenide (InGaAs, Eg = 0.738 meV) quantum well layer, sandwiched by high
bandgap semiconductor layers, in this case the aluminum arsenide (AlAs, Eg = 2.949 meV)
layers, forming the so-called double barrier quantum well (DBQW) structure. The DBQW is
nanometric in dimensions, typically under 10 nm, and so the energy states in the quantum
well are quantized, i.e., only certain energy levels are allowed [28], and therefore also
allowing quantum mechanical tunnelling of the electrons through the structure. The
possibility of electrons tunnelling through the barriers is defined by the transmission
coefficient, which is related to the alignment of the electron energies with the allowed energy
states in the quantum well. Figure 2b shows the conduction band profile under forward
bias corresponding to the peak resonant/current condition. In the illustration, the first
and second quasi-bound resonant energy levels E; and E; are shown. The current through
the DBQW increases with applied bias at low voltages up to the peak current/voltage
corresponding to the resonant energy (E1) when the transmission coefficient is close to unity.
Here, the electrons entering the DBQW have the same energy as the allowed energy level
in the quantum well, and so the highest/peak current is reached. With further increase in
bias, that transmission coefficient drops due to mismatch between the electron energies and
E; and so the current drops with bias creating the negative differential resistance (NDR)
region in the current-voltage I-V characteristic. At higher bias still, corresponding to valley
current/voltage, the electrons have higher energy compared to the barriers and therefore
the current increases again with bias. Thus, the RTD is characterized by a highly non-linear
I-V characteristic comprising an NDR region and positive differential resistance (PDR)
regions, as illustrated in Figure 2c. The precise shape of the I-V characteristic depends on
different elements such as the device size, material composition, epitaxial structure, and
the temperature.
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Figure 2. (a) Typical InGaAs/AlAs RTD epilayer diagram. (b) The corresponding conduction band
diagram under forward bias. The discrete quantized resonant energy levels E; and E; are denoted in
the quantum well. (c) Typical RTD I-V characteristic with the bias regions for use as a transmitter (Tx)
or receiver (Rx) as shown.
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The span of the NDR region determines the maximum radio frequency (RF) power the
diode can deliver to a load and this can be approximated by (3/16)AIAV [29]. The actual
RF output power would depend on various factors such as the operation frequency, device
and circuit parasitic elements and impedance matching. In [30], the relation between the
device output power with an optimal load in an oscillator circuit was derived. Using this
relationship, simulation shows that 2 mW power at 300 GHz and 1 mW power at 800 GHz
could be achieved for single RTD oscillator with an optimal load as shown in Figure 3.
Recent experimental results show that this performance is becoming achievable [31,32].
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Figure 3. Simulated RTD output power versus frequency and load conductance. Reprinted with
permission from Ref. [30].

The RTD operating frequency is limited by both extrinsic RC (resistance-capacitance)
time constant and the intrinsic quasibound-state lifetime. Efforts have been reported to
minimize the device series resistance (R) and capacitance (C) as well as the dwell time
(Tdwen) and transition time (Tgep) [33-35]. RTD has been demonstrated with very wide
broadband intrinsic frequency response from 120 GHz to 3.9 THz [35] and the estimated
intrinsic cut-off frequency is 4.6 THz with respect to Tgwen = 33 fs and Tqep = 38 fs for the
specific epilayer design in [36]. Therefore, RTDs can be embedded in resonators to build up
sub-millimeter-wave or terahertz continuous wave sources and highly sensitive detectors.

3.2. RTD THz Source

The first RTD THz source operating at 420 GHz with 0.2 uW output power was
demonstrated by a research group at Massachusetts Institute of Technology in 1989 [37],
and this was followed by a 712 GHz (0.3 pW) source in 1991 [38]. There was a lull in RTD
research until in 2010 when research group at Tokyo University of Technology reported a 1
THz (7 uW) source [39]. The nano-sized (0.39 um?) RTD device was integrated with a slot
antenna as shown in Figure 4a [40]. The InP chip was mounted on silicon hemispherical
lens to collimate the THz beam. By using this approach, 1.98 THz with 40 nW output power
was achieved in [41]. In the sub-THz range, 1 mW at 0.26 THz was reported in [31] where a
single RTD was integrated with a microstrip resonator (see Figure 4b).
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Figure 4. (a) Structure of 1.92 THz RTD transmitter including the RTD chip was mounted on a silicon
hemispherical lens (Reprinted with permission from [38]). (b) Structure of 1 mW 260 GHz RTD
transmitter (Reprinted with permission from [40]).

RTD arrays have also been developed for the purpose of power; combining 0.61 mW at
620 GHz was reported in [32] when two RTD-slot antenna element arrays were employed.
The researchers of [42] reported 0.73 mW at 1 THz when 89 RTD-slot-dipole antenna
element arrays were integrated. A dipole antenna was placed over the slot resonator
and coupled the radiation power away from the high permittivity substrate. The array
was operated in pulsed mode and multiple spectrum peaks were observed due to lack of
synchronization between all elements.

3.3. RTD THz Detector

Besides THz source or emitter, the other crucial component in the imaging system
is the THz detector. Responsivity, noise equivalent power (NEP), response time, and
capability for array integration are the key factors for imaging applications. In general,
THz detectors can be classified into two categories: thermal detectors and rectification
detectors. Thermal detectors include an acousto-optic detector, e.g., Golay cell, which
consists of an enclosed chamber in which the changing of gas volume due to radiation
heating is measured; and a bolometer detector that measures the changes of properties such
as conductivity, temperature, or electrical polarization (pyroelectric detectors). Thermal
detectors have the advantage of very broad bandwidth, but the response time is relatively
slow (0.1-0.01 s) making them unsuitable for real-time imaging applications [43].

Rectifying THz detectors normally utilize the non-linear characteristic of devices such
as a Schottky barrier diode (SBD) detector [44,45], field effect transistor (FET) detectors
by utilizing stimulated plasma wave [46], or photoconductive antenna (PCA) detectors
that introduce the transient voltage drop over the gap of antenna on photoconductive
substate (e.g., LT-GaAs) [47] and metamaterial detectors due to artificial negative refractive
index [48,49]. The advantages of using rectifying THz detectors include the ability to
provide coherent detection, enabling both amplitude and phase information to be extracted.
They also show relatively high responsivity (kV /W), low noise equivalent power (NEP) of
10712 to 1071 W/ v/Hz, and fast response time of a few picoseconds [43,45,50,51].

RTD devices show strong non-linear characteristics as described in the previous section.
There are two working modes for RTD detector: direct and indirect (coherent) mode. For
direct detection, the RTD is biased in the non-linear region at zero bias (for triple barrier
variant) or at peak voltage as depicted in Figure 2c. The input THz electromagnetic wave is
strongly rectified following square law detection, i.e., the output current is proportional
to the square of the input signal voltage [52]. The highest reported InP RTD detector
responsivity is 4 kV /W at 0.35 THz [53] and 80 V/W at 0.76 THz, with the RTD biased near
the peak-current voltage (Vp) [54]. In [55], it was reported that RTD detector showed four
times higher responsivity compared to a commercial SBD detector at 300 GHz. It is worth
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mentioning that the dynamic range of an RTD direct detector is limited since the input RF
amplitude should not shift the RTD bias point into the NDR region, as that will cause DC
instability. A triple barrier (TB) RTD has also been proposed as a high responsivity zero-bias
detector. It has demonstrated strong non-linear characteristic near zero bias voltage and
gave 66 kV /W responsivity at 280 GHz [56].

For the coherent mode detection, RTD oscillator acts as a LO when the RTD is biased
in the active NDR region. If the received signal has the frequency and amplitude within the
locking range of the RTD LO, injection locking will take place, resulting in homodyne detec-
tion due to self-mixing [57,58]. Coherent detection has shown up to a 40 dB improvement
of the detected power compared with direct detection [58].

4. Compact RTD THz Imaging and Other NDT Systems

The RTD THz transceiver has been widely reported for next generation ultrahigh speed
wireless communication system towards 100 Gbps [23-25,57,59]. The application of RTD
technology in THz imaging systems and other non-destructive testing (NDT) applications
is just emerging but is under fast development. A prototype compact 300 GHz RTD camera
was proposed in [60]. The size of the camera is comparable to a coin as shown in Figure 5a.
Inside the package, the InP RTD transceiver is mounted on Si hemispherical lens as shown
in Figure 5d. The camera package integrates a collimation lens to improve the beam profile.
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Figure 5. (a) Front view of the RTD camera package. (b) Rear view of the RTD camera package.
(c) 300 GHz RTD chip on Si-hemispherical lens. (d) Schematic diagram of the package. Reprinted
with permission from Ref. [60].

Both transmission and reflection imaging systems have been proposed using the RTD
camera as shown in Figure 6. The system setup details can be found in [60]. The proposed
300 GHz RTD reflection system successfully mapped the concealed objects inside a plastic
box with a 1.0 mm spatial resolution. Also, the imaging system based on a Michelson
interferometer was demonstrated for the first time with estimated depth resolution of
around 1 pm. These results make RTDs a very promising candidate for compact THz
imaging systems.
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Figure 6. (a) THz transmission imaging system using RTD transceiver. (b) THz reflection imaging
system using RTD transceiver. Reprinted with permission from Ref. [60].

In [61], a simplified 345 GHz RTD reflection imaging system was proposed. The system
diagram is shown in Figure 7. Compared with traditional coherent tomography (OCT)
imaging system [62], the proposed system significantly simplifies the setup by eliminating
the use of integrated reference mirror, THz source, beam splitter, and detector. Instead,
it only uses one single RTD transceiver. The working principle of RTD transmitter and
detector (coherent) has been explained in Sections 2 and 3. The RTD transceiver was placed
30 cm in front of an elliptical mirror reflector and the imaging stage was placed around
40 cm apart. The detected signal was extracted through a bias-tee and then amplified
by a low noise amplifier (LNA), a lock-in amplifier, and then final analog-digital (A /D)
converter to digitize the signals. The preliminary results demonstrated 2D imaging with
high resolution of 0.1 mm, which is smaller than a quarter of the wavelength at 345 GHz [61].
Although the mechanical chopper was employed in the setup in Figure 7, the RTD source
can be on-off modulated simply through the DC bias. The modulation speed is up to tens of
GHz [23,24], which will make the imaging system more practical for industrial applications
by eliminating the chopping mechanism.

& Moving
A stage
B 345GHz RTD .
~40em |\ Chopper Emitter
e Bias| LNA
v e Tee
Elliptical > —AD ] l
mirror ~30cm A/D

Lock-in amp.

Figure 7. Schematic diagram of a single RTD transceiver THz imaging system. Adapted with
permission from Ref. [61].

Another important emerging application is RTD-based THz radar, including amplitude-
modulated continuous-wave (AMCW) where the THz wave amplitude is modulated by
sinusoidal signal superimposed on the DC bias of RTD [63-66], and subcarrier frequency
modulated continuous wave (FMCW) radar, where again the amplitude of THz is modu-
lated with linearly sweeping frequencies [26,67].
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For AMCW, the reflected signal is demodulated by envelope detector (SBD) with the
phase difference measured. The phase shifting carries the depth information and matches
the movement of the target. For FMCW, the operating principle is different from normal
FMCW radar in which the carrier frequency is swept [68]. The reason is due to the difficulty
of linearly sweeping the RTD carrier frequencies using current technology. The preliminary
experimental results in [26,63-67] demonstrate that RTD radars are capable of precise
distance measurement with very low ranging error (um range). With further improvements
of the system, such as a high power RTD source, varactor diode integrated RTD VCO, high
responsivity and low NEP detector, and better signal and data processing algorithm, the
RTD THz radar technique can rapidly evolve to the next level to realize long-distance high
precision THz radar with compact size and low power consumption.

Since RTDs have narrow linewidths, an RTD voltage-control oscillator (VCO) array
has been proposed to cover frequencies from 420 GHz to 970 GHz [69]. This was used
in absorbance measurements with the setup as shown in Figure 8, where RTD VCOs is
composed of seven individual RTD oscillators covering different frequency bands. The THz
wave radiated from RTD VCO is collimated by an off-axis parabolic mirror and transmitted
through a specimen, which is an allopurinol pellet; i.e., a medicine used to lower levels
of uric acid in blood. The detector utilized is a liquid-He-cooled Si composite bolometer.
The system successfully demonstrated the detection of allopurinol with absorption peak
at around 700 GHz. The achieved results show agreement with TDS measurements. The
system setup could be more compact and even simpler if the bolometer was replaced by
another type of non-cryogenic detector, e.g., an RTD detector.

1 ECT | DC bias |

Pulse bias
- RTD VCO
%:'(420'970%2)
Lock-1n
Amp. 4
I |\
THz ]I
detector
specimen

Figure 8. Schematic diagram of wide bandwidth RTD spectroscope system. Adapted with permission
from Ref. [69].

5. Conclusions

The applications of THz imaging systems have long been limited to scientific research
due to the bulky size, complex and complicated optics setup, and high cost; however,
with the fast development of THz devices and components, THz imaging is becoming
one of the fast-developing areas transiting from lab to real-life applications, in particular
non-destructive testing and condition monitoring. It is preferable for applications where
traditional methods such as X-ray, infrared, or ultrasonic are not applicable. Those include
harmless (non-ionizing) security imaging, multilayer paint quality control within the
automotive industry, insulating foam non-invasive testing in aerospace, and biomedical
diagnostics. In this paper, THz imaging systems based on room temperature transceiver
technology using RTDs have been briefly reviewed. The advantages of RTD transceiver
include simple structure, compact size, room temperature operation, and potentially several
mW output power to cover the THz spectrum region. The RTD detector also shows high
responsivity with fast response time and availability of coherent detection. These features
make RTD a very promising candidate for compact low-cost THz CW imaging systems that
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are easy to implement as part of an industrial production line or for condition monitoring
of plant and engineering structures.
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