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ABSTRACT The field of terahertz (THz) science and technology research area have been exponentially
growing recently, motivated by the increasing demand for safer security imaging, better quality control
within manufacturing industries, space and astronomical investigation, biomedical diagnostics, and larger
communication bandwidth. The THz waves detection mechanism is one of the critical components in
developing a high efficiency and high sensitivity THz communication system. This paper reviews the
principle and instrumentation of THz optical metrology for the precise and accurate characterization of THz
detectors in the range of 0.1 THz to several THz. In this context, we individually discuss the determination
of radiation input power and effective area followed by a survey of THz optical measurement methodology
used in the state-of-the-art THz detectors. In addition, challenging issues remaining in the THz detector
measurements are provided. This paper sets out a guideline to address the main concept behind the THz
detector measurement as well as their challenges and opportunities. Additionally, useful insight is given
through a summary of available power meter instrumentation for THz input power calibration.

INDEX TERMS THz detectors, THz input power, effective area, THz metrology, antenna, THz measure-

ments, THz instrumentation.

I. INTRODUCTION

Extensive studies by the global research community have
been seeking for the prospective solutions to improve social
life through the development of diverse and multiscale appli-
cations. A smart city concept to solve problems in the explo-
sion of the urban population, a state-of-the-art automated
non-destructive testing in the agricultural field, noninva-
sive imaging techniques in the biomedical field, and terabit
per second data transfer for the next-generation communi-
cation system are among the recently reviewed technolo-
gies exploiting the benefit of the terahertz (THz) spectrum
(0.1-10 THz2) [1], [2], [3], [4].

THz radiation has gained enormous attention in the past
couple of decades. It can interact with matters, penetrate
materials like clothes, plastics, and wood, and reveal spec-
tral information of abundant organic molecules. The milli-
electron volts (meV) photon energy of the THz waves is
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substantially lower than the energy of the chemical bonds,
thus the ionization reaction is deficient. Therefore, it is safe
for the application where human-body interaction is needed,
such as security screening. The significant absorption by
water in THz waves is also favorable as an excellent candidate
to substitute X-ray imaging for detecting tumors and cancers.
However, the aforementioned high-water attenuation makes
the path loss severe in the THz range, where some frequency
selectivity bands due to the molecular absorption can be
confirmed and therefore limit the propagation distance [5].
Interest in THz radiation has been driven by the dif-
ferent physical phenomena revealed in this electromag-
netic spectrum. Moreover, it also recalls multidisciplinary
well-established knowledge in the electronics or photon-
ics research area to develop components for THz wave
generation. Thermal blackbody radiators, quantum cascade
lasers (QCLs), photo mixers, and backward wave oscilla-
tors (BWOs) are some of THz sources developed based on
photonic technology. As for purely electronic components is
the microwave frequency multiplication based on Schottky
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FIGURE 1. Block diagram of a THz detector optical measurement system. The THz signal can be
modulated by either an external modulation connected to the source or a mechanical chopper in
between transmitter and receiver, or internal modulator from the signal generator. The optical
measurement involves the definition of radiation input power (P;y) and normalization (effective) area

(Agrr) of the detector.

barrier diode [6]. The THz sources are able to radiate nano-
to milli-watt power, where the higher frequency has the faster
output power decay. The operational range can be chosen
from a single frequency in the QCL-based source or nar-
row band frequency tunable-capable microwave generators
and multipliers. A broad spectral range radiation up to the
infrared region by the blackbody source is typically used to
characterize the ultrawideband imaging system. On the other
hand, THz detectors employ the detection mechanism based
on different physical phenomena such as thermal, photon,
or rectification by a nonlinear component. Relatively tiny
size of detector components compared to the THz wavelength
can be mitigated by integrating an antenna for a radiation
absorber. Furthermore, THz detectors can be characterized
either by mixing the terahertz signal with a different reference
signal (heterodyne) or with the signal from the same source
(direct detection).

The characterization of THz detectors requires careful
attention for the precise measurement techniques. Unlike
THz sources that can be characterized in a guided mode, THz
detectors are measured in a free space propagation medium.
The signal intensity at THz frequency is very low due to high
propagation loss, intrinsic noise generated from detectors,
and read-out circuits. Both electrical and optical approaches
are necessary to define the measurement methodology. How-
ever, the electronic approach is limited by the high loss while
larger wavelengths limit the optical one to some extent. Fur-
thermore, significant molecular absorption and path losses in
the atmosphere lead to only a maximum of a few meters of
link distance between transmitter and receiver [7]. It is essen-
tial to get a high signal-to-noise ratio (SNR) output detec-
tor signal, which depends on the signal intensity, electronic
and atmospheric noises, and detector sensitivity. Therefore,
accurate THz detector measurement is a challenging task
considering the typical detector output in the order of a few
microvolts, and it is concealed in the intrinsic noise of the
detector.

Fig. 1 shows a typical THz detector measurement block
diagram which can be applied to any type of THz detector.
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The radiated signal can be modulated by internal or external
modulation components as in the case of active imaging or
radar, or unmodulated as in the case of a passive imaging
system. The signal radiated from the source has the amount
of power denoted by Py in which incident upon detector’s
effective area (Agrr). The primary purpose of the detector’s
sensitivity measurement is to obtain the output signal as a
ratio to the input power. The output signal can be detected by a
lock-in mechanism to increase the SNR of the measurement.
As for the input power, some techniques have been reported
as part of a characterization process of THz detectors for
both single- and arrayed-pixel configurations. Many THz
detector measurements require an absolute measurement of
radiant power in the THz region where the input power mea-
surements are taken as synonymous with absolute commer-
cial radiometers originally developed for THz wavelengths
based on the principle of electrical substitution radiometry
(ESR) [8]. For example, Ikamas et al. reported absolute
responsivity measurement in the Si-CMOS FET detector by
defining the input power from the all-electronic 0.6 THz
source calibrated by a commercial Golay cell [9]. A similar
method is reported by Bauer et al. using a large aperture area
power meter [10]. However, some reports also require the sen-
sitivity value based on the measurement of absorbed power
in the detector in which the power is normalized according
to the Agpr of the detector calculated by measured antenna
or detector physical parameters. For instance, a FET-based
THz detector was reported by Zdanevicius et al. [11] with
an effective area defined by simulated antenna directivity
yielding 1.7 times larger area than its physical size. Another
effective area definition based on its physical area is reported
by Paulish et al. where the sensitive pyroelectric film area is
used [12].

In this paper, we focus on the review of THz metrology in
terms of THz detector measurement, emphasizing the input
power parameter as the fundamental quantity in characteriz-
ing the THz detector. The input power on a THz detector char-
acterization can be measured based on its radiated power and
normalized area. Some THz detectors use different methods
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TABLE 1. Comparison of THz detector review and survey papers.

Year Detector Classification Detector Type Performance Metrics THz Metrology Ref
2011 x HEB v x [13]
2011 v All v v [14]+
2015 v Plasmon-based v x [15]
2018 x CMOS-based x x [16]
2018 v All v x [17]
2018 x All x x [18]
2019 v All v x [19]
2020 v All x x [6]
2020 x All (commercial) x x [20]
2021 v Si photonics v x [21]
2021 x FET v v [22] *
2021 v All x x [23]
2022 v RTD x x [24]
2023 v All v v This Work 1

+ Survey of THz input power measurement by commercial power meters

* Survey of different normalization area
T Survey of THz input power and normalization area

to measure the radiated power and effective area depending
on the availability of the radiation source, optical compo-
nents, or THz antenna measurement system. Here we report a
guideline and survey on THz metrology, particularly radiation
power measurement and effective detector area selections for
THz detector characterization.

Previously, review papers on THz detectors have been
reported in the THz research field area. Karasik et al. [13]
reported the advance in fabrication techniques and required
material synthesis for hot electron bolometers (HEBs),
including the physics and technology used in the experi-
ment. Additionally, the status of several other ultrasensitive
detector concepts for the IR and far-IR wavelengths is out-
lined. Popovi¢ and Grossman [14] provided an overview
of THz metrology used for the THz sources and detec-
tors characterization. In particular, radiometry based on
the free space and waveguide power meter is highlighted,
and some available THz measurement instruments are
provided.

Technological trends in modern THz detector research
are reviewed by Otsuji [15]. The operation principles and
characterization of several THz detector types are discussed
with special attention given to the plasmon-type detectors.
Marczewski et al. [16] presented an overview of the devel-
opments of CMOS-based THz detectors by some authors.
The issues related to the influence of substrates, antenna,
and transistor layout are discussed with examples of THz
spectroscopy applications.

Sizov [17] gives a comprehensive survey on state-of-the-
art THz detectors. The evolution of the basic classes of
the THz detectors is highlighted in a wide range of detec-
tor types. Bogue [18] provides technical insight into the
developments of THz sensing applications technology. The
paper covers the discussion of the selection of THz sources
and detectors. An overview of the recent commercial THz
imaging applications is also provided. Lewis [19] proposes
a taxonomy of THz detectors based on the underlying detec-
tion physical principles with a survey of the state-of-the-art
detectors. A comparison of detector performances in terms
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of responsivity, noise, and response time performances is
presented.

A review of applications, generation, and detection in
the THz region is reported by Li et al. [6], where THz
sources and detectors are classified based on the technol-
ogy, providing an up-to-date reference for the researchers.
Kasjoo et al. [20] presented an overview of THz imaging
systems. Classification of imaging systems based on detec-
tion technologies is provided, including a survey on recently
available applications in the market. Xie et al. [21] provided
areview of THz technologies based on silicon photonics. The
discussion includes the generation and detection scheme used
in THz photonic-based components.

Javadi et al. [22] provided a review of FET-based THz
detectors based on the effective area used for input power
normalization. An experimental result based on the radia-
tion power level measured by a commercial power meter is
given. Lu et al. [23] conducted a study of integrated THz
circuits and systems for different applications with empha-
size on the review of integrated THz imaging systems in
coherent, non-coherent, and near-field detection approaches.
Wang et al. [24] presented an overview of room temperature
THz transceiver technology for imaging applications. The
authors emphasize the discussion on the non-linear charac-
teristics of resonant tunneling diode (RTD)-based detectors
and applications.

Of all the research work discussed above, only two discuss
the perspective of THz detector measurements. However,
in [14] radiation power measurement methodology is taken
as absolute quantity based on a reference detector without
further discussion related to the normalization area. As for
the authors in [22] summarized the selection of effective area
methodology specific for the FET-based THz detectors with-
out discussing the input power calculation part. This paper
provides the introductory guideline for THz metrology with
an emphasis on THz radiation input power and effective area
measurements. Numerous THz detectors are reviewed based
on the input power and effective area calculation method-
ologies used in the measurements. Table 1 summarizes
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the difference between this paper with other THz detector
reviews.

The contribution of this work can be briefly outlined in the
following items:

« Highlights the classification of the THz detector types

« Survey the input power and effective area methodology
used in the THz detector measurement

« Provide open issues, challenges, and future research
directions for the THz detector metrology.

The organization of this paper is as follow: Section II
describes the classification of THz detectors according to
different aspects, such as operation principles, detection
mechanisms, and materials. The fundamental performance
metrics, i.e., responsivity and noise equivalent power (NEP)
are described in Section III. Section IV is the overview
of THz detector measurement methodology, which consists
of the definition of input power and effective area. Vari-
ous implementations in the recent THz detectors are dis-
cussed. Section V points out several considerations in the
THz detector measurement as well as open issues in the
known methodologies. Finally, Section VI concludes
the discussion.

Il. TERAHERTZ DETECTOR CLASSIFICATION

In this section, the classification of THz detectors is dis-
cussed. To the best of the authors knowledge, there is no
patented rule on how the THz detector can be classified,
because different parameters have been used by researchers
to categorize THz detectors. Here we summarize the classifi-
cation of the THz detector based on three common parameters
as shown in Fig. 2. The details of each detector class are
discussed in the following subsections.

A. MEASUREMENT METHODS
THz detectors can be measured using two choices of measure-
ment method, either direct or heterodyne circuits. The fun-
damental difference between the two is that direct detection
measures only the signal output intensity, while heterodyne
detection measures both the amplitude and phase of the field.
Fig. 3 shows the comparison of measurement circuits for
direct and heterodyne detection. In direct detection, the inci-
dent THz power is directly converted into a DC signal output
without any conversion needed. The responsivity of direct
detection can be improved with the use of an RF amplifier
to boost the weak THz signal. In heterodyne detection, the
incident high frequency (HF) signal in the THz range is
downconverted into the lower intermediate frequency (IF)
signal, usually in the microwave range [25]. This frequency
conversion mainly relies on a nonlinear element device, such
as a mixer and local oscillator (LO). The end product of the
detector in the form of an IF signal can be further processed
using backend electronic devices, i.e., a correlator, spectrom-
eter, or total power detector.

For an imaging system, higher-quality images can be pro-
duced by a heterodyne imager. This advantage comes from
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FIGURE 2. Classification of THz detectors.

the improvement of the received signal by the gain factor of
the mixer and IF amplifier components, enabling the detec-
tion of weak signals. Moreover, the signal can also be boosted
by a low noise amplifier before it is downconverted into
an IF signal in the case of FET-based heterodyne imager at
sub-THz applications [26]. However, additional noise con-
tribution from the nonlinear components has a drawback in
limited noise performance reduction compared with respon-
sivity improvement capability. Moreover, a higher dissipated
power is another issue in the heterodyne measurement system
as aresult of additional power-hungry nonlinear components.
It is to be noted that the direct imager exhibits a broader
bandwidth than the heterodyne imager. As long as the clarity
of the image is the primary concern, a heterodyne imager
outperforms the direct imager results. As an example, a het-
erodyne based on SiGe HBT THz detector is reported at
300 GHz, having a 50-fold responsivity improvement com-
pared to the same device but with direct measurement. How-
ever, larger noise contribution in heterodyne detector impacts
the NEP performance that can only be reduced by a factor
of 5 [27].

The selection of circuit type between heterodyne or direct
detection at THz spectral range depends on the application
purposes, required detector sensitivity and speed, technolog-
ical possibilities, spectral resolution needs, etc. An advantage
of the direct detection systems is a simpler and compact
measurement system with the possibility to design a large
array format. Furthermore, it is suitable for detection in a
shorter THz wavelength range. As for heterodyne detec-
tion offers a higher sensitivity in the lower THz frequency
bands.
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FIGURE 3. Measurement diagram of THz detector in (a) Direct detection
and (b) Heterodyne detection.

B. OPERATION PRINCIPLES

The second classification of THz detectors is based on
the operation principle, including photon detectors, thermal
detectors, and rectification detectors. The basic principle of
photon detectors relies on the absorption of the incident radi-
ation within the material by the interaction with electrons that
are either bound to lattice atoms (intrinsic), impurity atoms
(extrinsic) or free electrons. The electrical output signal
results from the energy distribution change [28]. Typical pho-
ton detectors have the wavelength selectivity characteristics
response per unit incident radiation power that favors pho-
ton detectors for shorter THz wavelength detection. As the
energy per photon is inversely proportional to the wavelength,
the spectral response of photon detectors increases linearly
with increasing wavelength up to the cutoff wavelength point
determined by the detector material. A common material used
in an intrinsic photon detector is cadmium mercury telluride
(HgCdTe) due to its bandgap tailoring characteristics. How-
ever, it requires a high cost for growth and processing. More-
over, the high rate of thermal carriers has made this material
unsuitable for detection at f < 10 THz [29]. Other material
in photon detectors can be tailored based on the nature of the
interaction, such as extrinsic detectors from the Ge semicon-
ductor [30], [31], and quantum wells (QWs) detectors made
of GaAs semiconductor [32], [33]. Photon detectors have
a good signal—to—noise performance and a fast response
in the IR and Far-IR regions. However, it is strongly
limited by the thermal energy of the carrier, as the photon-
generation rate should be larger than that of the thermo-
generation rate to suppress the dark current noise. Therefore,
the lower detection performance of the photon detector is
expected at the THz region since the photon energy of 4 meV
at 300 um wavelength (1 THz) is very low compared to
the thermal energy of 26 meV, assuming a room-temperature
operation. An external cryogenic cooling mechanism can
be used to prevent thermal generation in charged carriers,
at the cost of a bulky and inefficient detection system [34].
A high-temperature THz photon detector is reported by
Jeannin et al. [35] that combines eight QWs with the
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FIGURE 4. High temperature THz photon detector consist of quantum
wells (QWs) and metamaterial based on LC resonator and patch
antenna [35].

metamaterial architecture of the LC resonator and patch
antenna, as shown in Fig. 4. The detector can be operated
at 60K, which is higher than the typical QWs detector opera-
tion temperature.

A thermal detector absorbs the incident radiation, and a
temperature rise in the material causes a change in some
of its physical properties. Furthermore, the resultant change
of physical properties is processed to generate an electrical
output signal. In order to improve the rate of temperature rise
(low thermal mass), thermal detectors are usually suspended
on lags connected to the heat sink. In a thermal detector, the
output signal does not have a dependency on the photonic
nature of the incident radiation. Hence the performances are
generally wavelength independent. Thermal conductance is
an important parameter when developing a thermal detector,
as the responsivity is inversely proportional to it. However,
a slow heating process in thermal detectors resulted in a
trade-off between responsivity and response time. Thermal
detectors can be further subdivided into different approaches,
namely pneumatic [36], bolometric [37], thermoelectric [38],
and pyroelectric effects [39], with the independent material
choices according to the selected approach. A pneumatic
detector utilizes gas (e.g., xenon) in an enclosed cham-
ber in which its volume is changing due to radiation heat-
ing that leads to displacement of the flexible membrane.
As for bolometric, thermoelectric, and pyroelectric effects
rely on the material with a high temperature coefficient of
resistance (TCR), Seebeck coefficient, and pyroelectric coef-
ficient, respectively. Recently, a combination of supercon-
ducting properties in niobium (Nb) and graphene has been
shown as promising materials for bolometric-based THz
detectors with an ultralow NEP performance as a result of the
superconducting transition in the material junction, as shown
in Fig. 6 [40]. Compared to photon-based detectors, thermal
detectors have a moderate sensitivity due to the nature of
the slow process in the thermal exchange. However, their
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FIGURE 5. THz detector based on a Cooper pair transfers between
superconducting Nb electrode via the graphene microbridge [40].

room-temperature operability is advantageous due to lower
cost operation and compact size.

Rectification-based detectors process the incident elec-
tromagnetic signals in the elements of a nonlinear static
current-voltage characteristic, leading to a rectification effect
of the alternating current generated from the incident radia-
tion. They can operate in a wide range of operating temper-
atures, broad spectral band, and can be characterized in both
direct and heterodyne methods. Among some nonlinear recti-
fying devices, the most studied THz detectors are field effect
transistors (FETs) and Schottky barrier diodes (SBDs). SBDs
that have been used as a mixer for the heterodyne receivers in
an astronomical application [41], [42], are now widely used
as rectifying detectors, taking the advantage of nonlinearity in
their current-voltage characteristic [43], [44], [45]. The initial
study of the transistor as a nonlinear device for THz detection
can be traced back to the research of plasma wave electronics
by Dyakonov and Shur [46]. The photoresponse of FET-based
detectors comes in the form of DC voltage between drain
and source contact and is proportional to the radiation inten-
sity. Another transistor type is high electron mobility transis-
tors (HEMTs), consisting of a metal-semiconductor junction.
Commonly used materials in a HEMT are aluminium gal-
lium arsenide (AlGaAs) and gallium arsenide (GaAs), which
provide a high level of basic electron mobility than Silicon
FET. FETs and HEMTs are now favorable in the develop-
ment of low noise and unbiased THz detectors. The fab-
rication technology readiness in Silicon and semiconductor
foundry process have possessed a broad range of CMOS- and
III-V material-based THz detectors [47], [48]. The funda-
mental limit in the rectifying detector is the parasitic effects
generated from the electronic read-out components (resistors,
capacitances, and inductances) that increase linearly with the
frequency. The small sensitive area also another issue that
makes the impedance matching to the radiation-receiving
apparatus, such as the antenna, is challenging. Recently,
a slot spiral type is reported as a good prospect to produce
broadband characteristics at 0.15-0.45 THz. The antenna is
coupled to a GaN/AlGaN HEMT detector (Fig. 5) and thus
shows a sensitivity enhancement compared to a classic spiral
antenna [49].
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FIGURE 6. Slot spiral antenna coupled to a GaN/AlGaN HEMT detector
with the source, drain and gate electrode are made of metals [49].

C. MATERIALS

The third THz detector classification is based on the
detector material, including Si-CMOS-based detectors,
III-V material-based detectors, two-dimensional materials,
and metal detectors. In the last decade, complementary metal-
oxide semiconductor (CMOS) foundry technology has been
widely used for THz detector development. This technology
allows easy integration of THz detectors with the readout
circuitry. The fabrication can be either by using small Si
foundry or extensive IC CMOS facilities, in which the former
offers more degrees of freedom than the latter [16]. Standard
submicron CMOS technology also provides the integration
of several metallization levels, allowing the fabrication of a
radiation absorber (i.e., antenna) a few micrometers above the
substrate [50], [S1]. Furthermore, a standard Si-CMOS THz
detector is optimal for THz imaging [52]. Easy integration of
Si-based FETs detectors with the readout circuitry is favor-
able for real-time mode cameras in the direct or heterodyne
modes with a low production cost. Therefore, the CMOS fab-
rication technology is a productive and cost-effective solution
related to sensors and compact imaging systems operating in
the sub-THz region.

The research on III-V-based detectors started from the
development of non-implanted GaAs, followed by the low
temperature (LT) GaAs that allows the generation and detec-
tion of THz waves due to their picosecond’s lifetime and
high dark resistance [53]. Other III-V materials such as
InGaAs compounds have the ability to operate efficiently
with the telecom fiber lasers due to their narrow energy
bandgap and cost-effective fabrication [54]. Furthermore,
study of the compound materials based on InP- and GaN
has been reported in which they have been integrated with
HEMTs or Si-MOSFETs detectors in merged structures of
gate electrodes and dipole antennas at 1 THz, resulting in
enhanced responsivity beyond 1 kV/W [55], [56]. In addition,
the adoption of multilayered structures of III-V materials
revealed design flexibility, such as heat-spreading AlAs to
improve the performance of conventional photoconductive
layers [57]. After all, from the perspective of THz detectors,
III-V materials are promising to increase device efficiency
and sensitivity as a result of their high carrier mobility
and absorption coefficient. The III-V detectors can also be
monolithically integrated with silicon readout integrated cir-
cuits (ROICs) which offers significant opportunities for fully
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functional CMOS-compatible photonic integrated circuit
(PIC) technology.

The unique properties of 2D materials, such as graphene
have incited the next-generation THz detectors. Since 2004,
researchers have studied graphene material due to its unique
property of linear dispersion relation between the energy
and the wave vector [58], [59]. The use of graphene
as THz detector material mainly includes the photo-
voltaic (PV) [60], bolometric [61], photoconductivity [62],
and photo-thermoelectric (PTE) [63] effects. Other than
graphene, 2D material photodetectors with similar detection
mechanisms have been reported, such as MoSe2 photocon-
ductor [64] which is based on transition metal dichalco-
genides (TMDs) layered material, and black phosphorus
(BP) [65] with ultrahigh responsivities. Those materials have
exceptional physical and chemical properties, such as high
light absorption due to quantum confinement towards ver-
tical direction in 2D plane [66], broadband response due
to their tunable bandgaps [67], and possibility of vertical
heterostructure construction due to the absence of dangling
bonds on its surface [68]. However, TMDs are limited for
the detection in ultra violet (UV) to near Infrared (NIR)
region due to their bandgaps, while BP can be tuned to THz
region [69]. Furthermore, due to the long carrier lifetime
in a two-dimensional layered material, there is a trade-off
between sensitivity improvement and photo response speed.
The selection of materials with high carrier mobility and
low effective mass should be considered to mitigate the
slow response time obstacle [69]. In addition to graphene,
TMDs, and BPs, 2D material such as metal nitrides/carbides
(MXenes) have grabbed much attention in the recent decade
due to their intriguing properties of metallic conductivities,
surface hydrophilicity, tunable bandgaps, and film thickness
dependent characteristics in the range of UV, visible, and NIR
spectra [70]. Moreoever, high absorption of Ti3C, MXene
(~160,000 cm~!) has been investigated using density func-
tional theory (DFT) calculation in THz region, indicating
the potential of MXenes as THz detection materials [71].
Despite several years of widespread investigation of MXenes,
research into MXenes material family is still in an early phase
and report of THz detector based on this materials is yet to be
found [70], [72].

The last THz detector classification is based on metallic
materials, which are widely used as THz detectors aiming to
their high temperature coefficient of resistance (TCR) charac-
teristics. Hence it is susceptible against thermal radiation for
room-temperature operation. Frequently used metal materials
are a thin layer of Ni, Sb, Nb, Ti, Pt, or Pd. The metal
materials are strong and have stable parameters which do not
easily degrade over time. Furthermore, apart from the high
value of TCR, the selection of metal should also consider the
low noise and low thermal mass for high sensitivity thermal
detector such as bolometer. Ti-based microbolometer arrays
have been reported to have high sensitivity and are appli-
cable for real-time operation at the THz region [73]. Even
higher performance of metal detectors could be achieved by
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superconducting materials, where the metal has an infinite
conductivity as a result of gradual resistance decrease below
its critical temperature. Some metal superconductor-based
bolometers have been reported such as YBCO [74],
LSMO [75] and NbN [76] with ultralow sensitivity for Ter-
ahertz bolometric sensors. Metal materials also suitable for
the THz detection employing thermoelectric effect. In this
case, temperature difference is directly converted to a ther-
moelectric voltage output through the material property of
Seebeck coefficient. Some metals with high Seebeck coefti-
cient are Ti/Al (7.4 nV/K), Bi/Cr (70 uK/K) and Ti/doped
Si (190 wV/K) [77]. In addition, pyroelectric materials
such as lithium tantalite (LiTaO3) ceramic materials and
polyvinylidene fluoridehe (PVDF) are also exhibit temper-
ature dependence characteristics that able to produce surface
charges due to spontaneous electric polarization observed
in the opposite polar axis of the material. Low emissiv-
ity and loss, high pyroelectric coefficient and low thermal
capacitance, are among the important material properties for
pyroelectric-based detector [78].

Ill. FIGURES OF MERIT

The working principle of a THz detector is to measure the
change in the incident THz wave radiation into a measurable
quantity such as current or voltage. During the measurement,
various parameters must be considered and carefully con-
trolled, including environmental, electrical, and radiometric
conditions. Numerous textbooks and journals have discussed
the figures of merit in an IR or THz detector [79], [80], [81].
Here we restrict our discussion to the responsivity and noise
equivalent power (NEP) as the two main performance metrics
that applied to any detector type. As for other figures of merit
include spectral response, thermal response time, and the
noise equivalent temperature difference (NETD) that com-
monly employed in thermal-based detectors, and detectivity
in case of quantum well detectors [80].

A. RESPONSIVITY

Responsivity is a typical figure of merit for all THz detectors.
It specifies the ratio of detector’s output signal to the input
signal radiated by the THz source. The input power of the
terahertz radiation is expressed in the units of watts, and the
detector output is an electrical potential difference between
two terminals expressed in the units of volts. The root mean
square (RMS) value is generally used as the fundamental
component of input power and output signals. The respon-
sivity () of a detector can be expressed by the following
relation,

V()th

P in
where R,, Vou, and Pj, are the voltage responsivity, volt-
age output signal, and radiation input power, respectively.
As a matter of choice, if the detector’s measurable quantity
is the output current, the responsivity can be expressed as
the current responsivity (R;). The radiation input power is

Ry = ey
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FIGURE 7. Classification of THz detector measurement methodology.

a general quantity applied similarly for any THz detector
type. In contrast, the extraction of detector output signals is
unique depending on the detection mechanism or measure-
ment circuits. A spectral responsivity f(A, f) can be further
defined by preference if the detector has a frequency (f)
or wavelength (1) dependence output signal. In this case,
monochromatic radiation is used to illuminate the detector.
However, one may also consider an absolute responsivity for
a non-monochromatic source at one or a few frequencies
utilizing a laser or calibrated source with the known power
output. In general, a large value of responsivity is desirable.

B. NOISE EQUIVALENT POWER

The random fluctuation in the output signal caused by noise
is unavoidable for any practical detector application. Even
with the absence of radiation, the noise can still be present
and contaminate the output signal. One may use the signal-
to-noise ratio (SNR) to express the amount of noise in the
output signal and set the limit of detection in a condition
where the signal has the same size as the noise (SNR = 1).
The noise equivalent power (NEP) defines the incident power
on the detector that can generate a signal output equal to the
RMS noise output. In another sentence, NEP is the signal
level that produces a signal-to-noise ratio (SNR) of 1. The
noise of a detector is measured at a specific frequency for a
bandwidth of 1 Hz divided by the responsivity. The NEP can
be expressed as

NEP = Vi 2)
"R

where V, is voltage noise spectral density in the unit
of V/Hz!/2. The noise source can be varied depending on the
operation principle, method of detection, and environmen-
tal condition during measurements. For example, a thermal-
based detector is usually limited by the thermal fluctuation
noise, while the shot noise limits a photon-based detector.
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A flicker noise dominates the detector response at low fre-
quencies. Selection of the noise frequency is important to
quantify the NEP. A frequency lower than the cutoff fre-
quency is usually used to define the noise level where the
detector response is independent of the low input modulation
frequency range.

IV. TERAHERTZ DETECTORS MEASUREMENT

From the two main figures of merit discussed in the previ-
ous section, it is evident that accurate radiation input power
measurement is fundamental in THz detector measurement.
The optical input power is available at the interface between
the detector and the free space medium. The measurement
of actual power received by the detector is complex work
since not all the radiated power is absorbed by the detector.
It includes the losses caused by the reflection between the
detector and the receiver antenna, polarization, and arrange-
ment of the source and receiver antennas. This section dis-
cusses a comprehensive survey of THz detectors’ optical
input power measurement. The THz detector measurement
methodologies are categorized based on their radiation power
calculation and effective area. Fig 7 shows the classification
diagram discussed in this section. The summary of reviewed
reports on THz detector measurements will be given in the
later section, which correlated to the classification shown
in Fig. 7.

A. CALCULATION OF TERAHERTZ POWER

1) BY PLANCK’S RADIATION LAW

This method is primarily applied when a blackbody cavity
is used as the radiation source in THz detector measure-
ments [82], [83], [84], [85]. According to Planck’s law, the
temperature-dependent input power radiated from a black-
body source can be expressed as

P (T) /Az 212 ! dX 3)
IN(T) = —
s eXP(hC/AkBT)_l

where A1 and A, denotes the lower and upper limit of spectral
bandwidth of the detector, £ is the Planck’s constant, kg is the
Boltzmann constant, c is the speed of light, and T is the black-
body temperature in the unit of Kelvin. When the antenna is
applied as the radiation absorber, the incident power can be
calculated by integrating the blackbody power in the range of
measured antenna bandwidth [84]. Alternatively, the trans-
mittance spectra information of optical components such as
mesh filters and a focusing lens located in front of the detector
or spectral matching of receiver antenna can be applied to the
calculation as the spectral bandwidth [83], [85]. Therefore,
the radiation intensity can be reduced, aiming only at the
power received at the center wavelength of the detector.

2) BY FRIIS TRANSMISSION EQUATION

In this method, the radiation input power is calculated based
on the knowledge of transmitter antenna specification. The
input power calculation by Friis transmission equation can
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FIGURE 8. Physical graphene area at the center of bowtie antenna taken
as the effective area where effective power is absorbed [123].

be expressed as

“

where Gr is the transmitter antenna gain, Pr is the amount
of power radiated by the transmitter antenna, and r is free
space distance between transmitter and detector plane. Most
THz radiation sources employ a multiplier chain to generate
THz power from the microwave range and a horn antenna
with a typical gain ranging from 20 dB to 25 dB [86].
Additionally, losses from the optic components and antenna
radiation efficiency can be accounted for more accurate esti-
mation [87], [88]. Moreover, some reports also suggest the
calibration of the power radiated from the horn antenna
by a commercial reference detector in which the measured
power includes the attenuation caused by path or optical
losses [89], [90], [91], [92].

3) BY REFERENCE DETECTOR

In this method, a commercial reference detector is used to
measure the radiated power at the same position as the detec-
tor under test, taken from the ratio of output voltage to the
known voltage responsivity of the reference detector. The
absorbed power by the detector can be estimated by multi-
plying the referenced power with the ratio of the effective
area of the detector under test to the radiation beam spot from
the source at the detector’s plane [93], [94], [95], [96], [97].
Alternatively, suppose the opening aperture or area of the
reference detector is much larger than the wavelength. In that
case, the input power density can be extracted as a normal-
ized value of the radiated power to the reference detector’s
area. In this case, the input power delivered to the detector
can be taken as the multiplication of input power density
with the effective area (Agpp) of the detector under test
[98], [99], [100], [101], [102]. Within this methodology, the
precise specification of the radiation transmitter, as well as the
distance between the source and detector can be neglected.
As this approach measures the input power, which includes
the path losses and optical attenuations, an accurate estima-
tion of the impinging power can be given. Furthermore, the
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FIGURE 9. (a) Field distribution of incident Gaussian beam measured by
knife-edge method, (b) Scan result THz radiation beam measured by
antenna-coupled microbolometer under test, (c) detector’s spatial
response after the deconvolution using Richardson-Lucy algorithm [136].

calibration of the reference detector is an important task prior
to the measurement to get a precise estimation [103], [104].

B. DETECTOR NORMALIZATION AREA

1) ANTENNA DIRECTIVITY

This method defines the normalization area by the maximum
effective aperture of the receiving antenna coupled to the
detector. However, this method is valid under the assumption
of alossless antenna, and the impedance and polarization fac-
tors are matched in the wavelength region where the antenna
operates. Thus, it is suitable for determining the responsivity
based on the estimated power impinged to the detector area.
If the maximum detector’s antenna directivity (D) is known,
the effective area can be expressed as

D22
Appp = — (5)
4

with A is the resonant wavelength of the antenna. The direc-
tivity value can be experimentally verified by plotting the
antenna’s radiation pattern in two projections of E- and
H-plane and calculated based on the extracted full-width at
half-maximum (FWHM) angles [22], [88], [105]. Moreover,
some reports suggest the estimation of antenna directivity
by electromagnetic simulation as a traceable methodology to
calculate the effective area [106], [107], [108].

2) ANTENNA GAIN

This method is similar to the directivity-based effective area
but contains information on the power losses due to antenna
radiation and reflection efficiencies. Within this method, the
power absorbed by the detector could be estimated. Knowing
the gain (G) value of the receiving antenna, the effective area
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TABLE 2. Silicon-based THz detectors measurements comparison.

Frequency Responsivity

THz Optical Measurements

Detector type (THz) Antenna (VIW) NEP (pW/VHz) Py . Agrr Pixel Ref
calculation method
SiGe HBT Elliptical
180 am BICMOS 0.32 “lot ring 18k 34 C I Array  [113]
SiGe HBT Differential
250 nm BiCMOS 0.7 ring + lens LA/W) >0 B ! Array  [88]
SBD Rectangular
130-mm CMOS 0.86 oateh 273 4 B&C I Array  [89]
MOSFET H-shaped .
90-nm CMOS 0.365 dipole 185k 40 C I Single  [108]
Si MOSFET 0.2 Bowtie 222 - C 11T Single [93]
SiGe BJT Differential
130 nm BiCMOS 0.26 ring 2.7 (V/uW) 7.9 B&C 111 Array [90]
Si MOSFET 0.2 Monolithic 842 18 n/a 1 Single  [116]
patch
MOSFET Rectangular
130 nm CMOS 0.82 satch 3.46k 12.6 B&C I Array  [91]
MOSFET Rectangular
65-nm CMOS 0.2 patch 1.5k 15 n/a 11T Array [117]
P-N Diode Rectangular .
45 mm CMOS 0.781 oateh 558 56 B&C I Single  [106]
MOSFET .
130 nm CMOS 0.27 Bowtie 380 18.7 C I Array  [166]
MOSFET . .
130 nm CMOS 0.3 Bowtie 600 - C 111 Single  [115]
HBT . 322k (heterodyne) 3.9 (heterodyne) .
130 nm SiGe 0.3 Dipole 6.1k (direct) 21.2 (direct) ¢ Vi Single  [27]
MOSFET Differential .
65-nm CMOS 0.5 patch 570 29 B I Single [87]
MOSFET .
150-nm CMOS 0.885 Bowtie 235 187 C I Array  [107]
Polysilicon . .
MOSFET 0.65 Bowtie 600 200 C 11 Single  [127]
SiEIW 0.167 Dipole 33k 57 C il Single  [98]
MOSFET Log-spiral + .
90-nm CMOS 0-15 lens i 42 C VI Single  [161]
MOSFET Bowtie + .
90-nm CMOS 0.609 lens 193 47 C VI Single  [144]
MOSFET Rectangular
65 CMOS 0.62 pateh 1.4k 19.2 C I Array  [22]
MOSFET Double-quad .
65-nm CMOS 1 + lens 765 25 C VI Single  [147]
can be calculated as, antenna without a matching circuit. Alternatively, simulation-
G2 based antenna gain is generally used to calculate the effective
AEFF = e 6) area [111], [112].
T

where the antenna gain and directivity are correlated with
the efficiency factors [109]. Gain measurement has been
widely used for the microwave band antenna, usually in
a non-reflecting environment, using a known gain from a
reference antenna (typically a horn antenna). However, gain
measurement for the THz band antenna is quite challenging
since one can hardly detach the individual contributions of
the receiving antenna and the load components connected to
it (e.g., detector). An estimation to justify the antenna gain
improvement was proposed by Li et al., by using effective
voltage responsivity based on two different detectors where
the impedances are matched to the transmission lines con-
nected to the antennas [110]. However, this method is difficult
to be realized when the detector is directly connected to the
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3) PHYSICAL AREA

In the case of an imaging array with a multi-pixel imager,
apertures of nearby pixels are overlapping each other. Hence
the pixel aperture size can be reasonably taken from its phys-
ical or pitch size [113], [114], [115]. Some other works spec-
ify physical area from the actual detector area [116], [117],
or active area [118], [119], [120], [121]. Note that the active
area could also correspond to the thermal sensitive area where
the change in the material physical parameter occurs that is
caused by the absorbed radiation [122], [123], [124], [125].
A near-field probe was proposed by [126] in the form of
a sub-wavelength aperture where the incident light can be
focused on the detector and improve the spatial resolution.
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TABLE 3. IlI-V-based THz detectors measurements comparison.

Frequency Responsivity

THz Optical Measurements

Detector type (THz) Antenna (VIW) NEP (pW/VHz) Py ' Aprr Pixel Ref
calculation method
InGaAs SBD 0.25 Square spiral 98.5 106 C VI Array [139]
0.2 Dual- 22.7k .
InAlAs HEMT 0.292 erating-gate 21 5k 0.48 C I Single [94]
GaAs QW 5 Patch 3.67 (A/W) 0.18 A VI Array [82]
InP SBD 03 Bowtte * 32M 3 c VI Single  [160]
GaAs SBD 0.216 Log-periodic 563 1.2 B&C VI Single [92]
AlGaN FET 0.59 B"]ZV:: - 8 - C \%i Single  [153]
. 0.29 . 2
GaN Diode 0.66 Bowtie 02 - C VI Array [155]
InAs FET 34 - 2.5 4800 C 111 Single [126]
AlGaN HEMT 0.14 Nanoantenna 15k 0.58 C 111 Single [118]
Folded .
InAs HBD 0.17 dipole + lens 3.5k 1.48 C VI Single [140]
AlGaN HEMT 0.9 Dipole + lens - 1 C VI Single [141]
InGaAs EIW 0.173 Dipole 515 20 C 111 Single [97]
GaAs SBD 0.223 B(’]Z:: - 2.19k 26 B I Single  [86]
GaAs Bolometer 025 MEMS . 500 c VI Single  [142]
resonator
InGaAs N .
Photodetector 0.166 Log periodic 25 20 C 1I Single [99]
AlAs RTD 0.78 Slot + lens 0.12 (A/W) 7.7 C VI Single [148]
AlGaN HEMT 0.85 Dipole + lens 4 (A/W) 0.3 C VI Single [143]
InSb . .
Photodetector 0.171 Spiral 266k 0.022 C 1I Single [111]

An example of an effective area definition by the detector
(graphene) area is shown in Fig. 8, where the responsivity
is based on effective power absorbed within the area [123].
In another report, a heavily doped resonant polysilicon
antenna was proposed as a THz detector. Thus, the antenna
cross-sectional area is chosen as the effective detection area
where a strongly confined field is transferred to a FET detec-
tor [127]. It should be noted that the normalization of the
incident THz radiation based on the physical sub-wavelength
detector area would yield a higher responsivity value, due to
the assumption that the THz power is focused into a such
small area. However, this argument can be reasonably taken
as long as the radiation beam spot size information is known,
which usually has a much larger area. Thus, the impinged
power can be taken as the power in the fraction of the physical
area from the beam spot size.

4) DIFFRACTION-LIMITED AREA
This method has been reported for a more conservative esti-
mation of detector performance. In the THz regime, the wave-
length is larger than the detector size. Hence, it is also relevant
for some research to use diffraction-limited area achievable
by the relation of

)\‘2

Agrr = T (N

Some reports have used this method for the case of detectors
without a dedicated antenna [128]. However, some other
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detectors coupled to the antenna also reported using this
assumption, where there is no available measured or simu-
lated information on antenna parameters such as directivity
or gain [129], [130], [131], [132], [133]. This method is valid
if the actual physical size of the detector is smaller than the
diffraction-limited area in the wavelength operation. Thus,
the responsivity is taken as the lower limit and can be actually
larger if the traceable antenna measurement parameter is
available.

5) DECONVOLUTION

With the physical size of a detector’s pixel is generally much
smaller than the incident beam spot in the THz range, it is fair
to assume that the detector cannot absorb the total power radi-
ated from the source. If the antenna is applied, the detector’s
physical dimension would also be smaller than the effective
aperture of the antenna calculated by either directivity or gain.
The deconvolution method involves numerical analysis of the
THz radiation beam area in the focal plane of the detector
(S(x,y)) measured by 2-D mechanical scanning. The mea-
sured beam contains the convolution of the detector’s spatial
response (R(x,y)) and the field distribution of the incident
Gaussian beam (I (x, y)) from the source, expressed as

S(x,y) =R(x,y)xI(x,y) ®)

The field distribution of the Gaussian beam can be modeled
by knife-edge technique after calculating the beam waist size
at the focus plane [134]. The effective area as the detector’s
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TABLE 4. 2D material-based THz detectors measurements comparison.

Frequency Responsivity

THz Optical Measurements

Detector type (THz) Antenna (V/W) NEP (pW/VHz) Py ' Aprr Pixel Ref
calculation method
Graphene FET 0.6 Bowtie + lens 14 515 C VI Single  [146]

Graphene .
Thermocouple 2.52 - 715 16 C 11 Single [95]
Graphene FET 1.9 D°“b11;psat°h N 49 1.7 nW C VI Single  [152]
Graphene FET 0.325 log-periodic 0.25 80 nW C v Single  [129]

Graphene 2 Bowtie 34 (LA/W) 150 nW n/a I Single  [123]
Photodetector
Graphene FET 0.4 Bowtie + lens 74 130 C VI Single  [149]

Graphene .

Bolometer 2 Dipole 2 (mA/W) - C I Array  [100]
Graphene FET 0.487 Bowtie + lens 2 3 nW C VI Single  [150]
Graphene FET 0.13 Log-spiral + lens 20 600 C VI Single  [156]

Graphene . .
Photodetector 0.1 Spiral 28 350 C I Single  [119]
Graphene FET 0.14 Log-periodic 600 100 C 11 Single  [124]

BP FET 34 Bowtie 3 7 nW n/a I\% Single  [130]

Graphene . .
Photodetector 2.5 Dipole 105 80 C v Single  [131]
Graphene FET 0.3 Bowtie 70 0.06 C VI Array  [154]

Graphene . .
Photodetector 3 Bowtie 180 18 C v Single  [132]

Graphene LER .
Photodetector 2.52 microstructure 0.364 13.1 nW n/a I Single  [125]
Graphene FET 0.3 Bowtie 1.8k 24 C VI Single  [157]

0.12 . 297 58 .
BP Photodetector 0.29 Bowtie 135 138 C v Single  [133]
Graphene FET 0.13 Bowtie + lens 3k 0.2 C VI Single  [158]
Graphene/NiTeSe 0.12 . 1.22 (A/W) 18 pW .
Photodetector 0.3 Bowtie 19 (mA/W) 1.17 nW c 1 Single  [120]
MAPbBI3/PEDOT: .
PSS Photodetector 2.52 - 1 (LA/W) 3.3nW C 1T Single  [101]

Perovskite .

photodetector 2.52 - 0.321 (A/W) 300 C 111 Single  [121]

spatial response is then obtained using the deconvolution
method by the Richardson-Lucy algorithm [135]. Fig. 9
displays the 3-D pattern of the field distribution, radiation
beam, and detector’s spatial response after deconvolution,
as reported by Mao et al. [136]. This method is arguably the
most accurate in determining the effective area of a detector
because the beam area is characterized by the detector under
test, thus including the contribution from the interfering
structure such as the read-out circuit which is difficult to be
predicted in a sole antenna measurement. Furthermore, it also
gives additional information on the shape of the effective area.
The accuracy of this method is dependent on the resolution
of the 2-D scan, where a smaller step size would eventually
produce a high-precision measurement dataset. However,
the required long time for scanning the radiation beam and
further processing processes have limited the reported works
with this method [136], [137], [138].

6) NO AREA DEFINED
This method is primarily used as a direct comparison to
the commercially available detectors, such as pyroelectric,
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Golay cells, bolometers, or thermopiles. Compared to the
previous methods, the detector performance is optimized
according to the total power of the focused THz beam,
which is broadly used in the applications requiring a point-
to-point measurement configuration, such as imaging sys-
tems [139], [140], [141], [142], [143], [144]. A large detector
area beyond the diffraction-limit at 300 GHz is used to cal-
culate the responsivity, and then a comparison is made to the
one from the power meter without taking any normalization
area [145]. Other works report the detector measurement
referring to the in-situ power at the position of the detec-
tor. Thus, the responsivity can be taken as the lower limit
without compensating the losses from the optical compo-
nents [146], [147], [148], [149], [150], [151], [152], [153],
[154], [155]. However, a more moderate measurement
is also reported in which the total power measured by
the reference detector includes the attenuation from the
cryostat optical window, silicon lens transmission coeffi-
cient, antenna radiation efficiency, and additional losses
caused by the probing mechanism [156], [157], [158],
[159], [160], [161].
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TABLE 5. Metallic and other thermal-based THz detectors measurements comparison.

Frequency Responsivity

THz Optical Measurements

Detector type (THz) Antenna (V/W) NEP (pW/VHz) Py Aggr Pixel Ref
calculation method
YBCO Bolometer 04 Log'lzlfl‘sral * 45 50 C VI Single  [159]
Twin-slot 10 18 .

Al CEB 0.33 antenna 10 10" W/A/JHz A VI Single [84]
NbsNs Bolometer 0.28 Dipole 480 - C \ Single [136]
VOx Bolometer 2.5 Metasurface 60k 37 c | Amay  [96]

absorber
VOx Bolometer 2.5 Patch 331 123 C 111 Single [122]

LiTaO; NiCr
Pyroelectric 2.52 absorber 8.6k 1.5 nW C I Array [39]
Pyroelectric

PVDF Pyroelectric 0.3 and metal 0.351 (LA/W) 200 nW C VI Single [145]

thin film
VOx Bolometer 2.5 Patch 1.235k 87.4 C 11T Array [102]

. Metasurface

Pyroelectric film 0.14 absorber 56k 2 nW C \% Array [138]
NbN HEB 0.623 Log'lzlfl‘sral " - 1.6 A i Single  [85]
NbsN Bolometer 0.335 Dipole 1.16k - C VI Array  [15]]
NbN HEB 0.65 L‘)g'lzlr’llsral * 105 7 A VI Single  [83]
NbsN, Bolometer 0.64 Double-slot 312 - C 111 Array [114]
Nb;sNs Bolometer 0.64 Double-slot 113 44 C 11 Array [112]
LSMO Bolometer 0.762 Log-periodic 0.9 - C \ Single [137]
Cr/Au Bolometer 0.14 MEMS - 100 C v Single [128]

resonator

BiSb . .

Thermocouple 0.812 Dipole 26 170 C 11 Single [38]

V. DISCUSSION AND FUTURE DIRECTIONS

The summary of THz detector measurement methodol-
ogy, including their two basic performance metrics, are
presented in Table 2 for Si-based detectors, Table 3 for
III-V materials-based detectors, Table 4 for the detector from
the 2D material structure, and Table 5 for the metal-based
THz detectors. Note that direct comparison between detec-
tors might not be possible as the measurements include a
wide range of input power and effective area measurement
methodologies. The presented responsivities and NEPs were
taken from the direct detection method, unless it specified
otherwise.

Reference detector (Method C) is the mostly used method
in determining the input radiation power from the THz
source. More than 80% of the reviewed devices have used
this method, with the distribution almost equal at any type
of THz detector. The reference detector method offers the
benefit of simpler operation and a more accurate estimation of
radiated power rather than relying on the power information
from the transmitter specification datasheet that might be
degraded over time without proper re-calibration or attenu-
ated by some random environmental noises. Furthermore, the
calibration by reference detectors hypothetically includes the
attenuation caused by atmospheric losses such as humidity,
which is not covered by the classical microwave approach
in the Friis transmission equation (Method B). As for the
Planck’s radiation law (Method A) is the least used method,
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which is normally used in THz detectors measured with a
blackbody source radiation without any normalization area
defined. Since the blackbody radiation covers a wide spectral
range, the radiation intensity around the detector’s center
frequency is usually determined by the optical components,
such as mesh filters, or the spectral matching information of
the receiver antenna.

The data distribution in tables 2 - 5 also shows the sig-
nificant spread of the normalization area method that can
be applied to THz detector measurement. The most used
method in determining the effective area is based on the
physical area (Method III) and without any normalization
area (Method VI). In the Si-based THz detectors shown in
table 2, the pixel pitch size of array devices is used as the
physical area to normalize the power. Moreover, in [113],
the pixel size is reported to be almost similar to the area
calculated based on the simulated directivity of the patch
antenna, suggesting the effectiveness of using array size as
it accounted for all the power incidents on the array. As for
the other Si-based devices with single pixel report the detector
area assuming the monolithically integrated antenna and FET
detector area [93], [116]. For Method III in table 3 reports
the active area of the photosensitive element to normalize the
power. A novel approach is reported where an area of the
gate electrode is used simultaneously as a metallic screen
with a sub-wavelength aperture as the normalization area
for InAs FET [126]. Method III in the graphene-based THz
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FIGURE 10. (a) Responsivity and (b) NEP distribution of the surveyed THz detectors as a function of THz frequency in different materials.

TABLE 6. Commercially available reference THz detectors and power meters.

Company Model Frequency Aperture diameter Power range Ref

VDI PM5B 0.075->3 THz 1.25x 2.5 mm 1 uW - 200 mW [124]

Thomas Keating Absolute Power Meter System 0.03->3 THz >30 mm 200 mW (max) [168]
Scientech, Inc Vector H410 8-1200 THz 25.4 mm 5 W (max) [169]
Keysight WE8486A 0.075-0.11 THz 1.25x2.5 mm 20 dBm (max) [170]
Tydex GC-1P 0.04 - 20 THz 6 mm 10 uW (max) [171]

Gentec Electro-Optics QS5-THZ-BL 0.1-30 THz 5 mm 60 uW (max) [172]
Ophir 3A-P-THz 0.1 -30 THz 12 mm 15uW -3W [173]

detector in table 4 refers to a fraction of the graphene area
to the radiation beam spot to normalize the power. In com-
parison, the perovskite-based THz photodetectors use chan-
nel area and input power density calibrated by the power
meter [101], [121]. As for metallic-based devices report the
periodic area in arrayed structure and area of the micro bridge
in a single pixel device for the power normalization based on
the physical area.

From all the presented detectors in table 2 - 5, Method VIis
mostly used in the III-V-materials-based THz detectors. Other
types of THz detectors also show a similar method, implying
the optical responsivity values as the lower bound (extrinsic)
from the in-situ power calibrated by the reference detectors
or power meters. In this manner, no radiation beam spot
information nor device sizes are used to normalize the power.
However, some reports suggest the optical losses by windows,
lenses, or reflection loss by the antenna as accountable mea-
surement quantity to reduce the radiated power, hence the
optical responsivity can be comparable to the ones with the
normalized power.

The devices fabricated using III-V, 2D, and metallic
materials have a notable spread of effective area meth-
ods. Deconvolution-based normalization area (Method V) is
the least used method and is only found in metallic-based
devices, while the diffraction-limited area is found in the
2D-material detectors.

In addition to the results presented on the tables, the
responsivity and NEP plots against THz frequency are
given in Fig. 10. The NEP performance is more important

29336

from the detector system point of view compared to the
responsivity, since NEP involves more experimental data
in the measurements, while the responsivity characterizes
the detector partially [162]. As shown, the spread of per-
formance is large in both responsivity and NEP. However,
smaller fluctuations could be found in Si-based detectors. The
state-of-the-art fabrication technology advantage in CMOS
allows for easy integration of detector with readout cir-
cuitry and other components, hence the determination of
detector area by its physical or pixel size can be taken
more accurate with less complexity compared to the other
materials such as 2D materials, metallic, and III-V based
detectors.

It is expected that THz applications require an accurate
detector measurement to produce high sensitivity and low
noise performance. Thus, considerable attention is needed
when characterizing the detector system. Here we list the
future directions as guidance for the THz researcher in the
development of detectors.

A. SELECTION OF METHODOLOGY

As shown in the summary tables, different methodologies
have been used by recent THz detectors in determining the
input radiation power as well as the effective area. The selec-
tion of methods is, therefore, essential. In terms of input
power measurement, a reference detector is highly antici-
pated as the method to calibrate the input power or radia-
tion intensity impinged to the detector. This method offers
flexibility as well as a degree of freedom compared to the
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classical approach from the microwave domain by using the
Friis transmission equation which requires an exact trans-
mitter antenna and power transmitted by the THz source
specification according to the provided information in the
datasheet. Moreover, a pure Friis transmission method does
not take into account specific setup losses. A combination
of the Friis transmission method with the transmitted power
calibrated by an external detector could also be considered.
To give more perspective to the reader, we review some of
the commercially available power meters for THz frequency
bands and summarize them in Table 6. The reviewed devices
are capable of measuring a wide THz spectral range from
sub-mm wave to the far IR region with some examples of the
important capabilities pointed out, such as aperture diameter
and maximum readable power. In addition, THz detector
measurement with a blackbody source can be chosen when
the ultra-broadband detection performance is required, which
is hardly covered by some electronic- or laser-based radiation
sources.

B. OPTICAL LOSSES CONTRIBUTION

The optical performance quantities should be calculated with
the inclusion of the optical losses involved in a measurement
system. Measurement of radiation power by reference detec-
tor gives the estimated power at the detector location. Thus,
one can expect the actual power impinged to the detector
if it is measured after all optical elements (OAP mirrors,
attenuators, etc.) placed in between the source and refer-
ence detector. However, other loss contributions still need
to be considered, particularly from the elements attached or
monolithically integrated with the detector. A silicon lens
typically has an attenuation factor of 0.3 due to the reflec-
tion and surface wave losses. Improvement of antenna effi-
ciency by eliminating the surface wave losses based on the
quasi-optical configuration concept can be adopted using
an extended hemispherical silicon lens or an antireflection
coating [163].

THz measurements performed using a variable temper-
ature optical cryostat allows for higher sensitivity perfor-
mance due to suppression of the atmospheric losses such as
high temperature and humidity surrounding the detector. The
electromagnetic radiation is coupled to the detector through
a window, which is commonly equipped with polyethylene
material as a focusing mechanism. A correction of the inci-
dent power should be applied to account for losses occurring
in the cryostat window. A high-density polyethylene (HDPE)
window has typical transmittance of 0.9 at the low THz fre-
quencies below 1 THz, and further decreases as the frequency
increases [164]. However, the transmittance could be varied
with the window thickness.

C. ANTENNA EFFICIENCY FACTOR

The efficiency factor from the antenna is another issue when
determining the overall performance of an antenna-coupled
detector. The first one is the coupling efficiency of the antenna
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pattern to the incident far-field pattern, which depends on
the antenna (and lens) geometry. If Gaussian-distributed field
radiation patterns are measured, one can refer to the Gaus-
sian beam coupling efficiency (Gaussicity). A larger lens
radius could achieve a higher directivity performance in
a lens-coupled antenna design. However, this modification
generally results in a Gaussicity decrease. A proper lens
design is necessary to provide the highest Gaussicity while
maintaining good antenna directivity [165].

A good matching between antenna and load impedances is
necessary to reduce the reflection loss. For this reason, the
antenna design should antenna targeted at the corresponding
complex conjugate of the detector input impedance. A classic
Smith chart method could be applied to plot the impedance
circles of equal matching efficiency around the complex con-
jugate of a detector at the desired frequency. In a rectifying
detector, one can apply the gate-source input impedance of
the MOS transistor. Thus, the design criteria for the antenna
impedance should be chosen with the highest matching
efficiency.

Last but not least, additional losses included in the antenna
are related to the polarization. The misalignment between
the receiving and transmitting antenna electric field direc-
tion could lead to polarization-dependent loss. In the case
of different polarization between receiving and transmitting
antenna (e.g., elliptically polarized spiral antenna versus the
linearly polarized horn antenna), an additional loss coupling
factor could be further included.

VI. CONCLUSION

In this paper, we have surveyed methods involved in a THz
detector measurement. The necessity of proper THz detector
measurement has been discussed. A review of THz detec-
tor classification is presented based on multiple approaches.
A detailed discussion on different radiation input power mea-
surements is covered, along with the selection of effective
area for the input power normalization. Our review suggest
the deconvolution as the most reliable and accurate method
to determine the detector’s efective area since the scanned
area includes the contribution from the interfering structure
such as the read-out circuit thus systematic information on
the shape of the effective area can be given. Furthermore,
a comparison of different measurement methodologies avail-
able in recent THz detector researches is presented based
on the detector’s material. Si-based detectors show the less
deviated range of performance compared to the other sur-
veyed materials, thanks to the state-of-the-art advantage in
CMOS technology for the precise determination of detector
area with less complexity. Moreover, a review of the recently
available THz power meters is given as guidance for the
reader in selecting the proper input power calibration by a
reference device. In the end, we have pointed the selection
of input power and effective area measurement methods,
optical losses contribution from the elements involved during
measurements, and antenna efficiency factor as the future
directions on the THz detector measurements.
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