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Abstract: A highly sensitive room-temperature graphene photothermoelectric terahertz detector,
with an efficient optical coupling structure of asymmetric logarithmic antenna, was fabricated by
planar micro-nano processing technology and two-dimensional material transfer techniques. The
designed logarithmic antenna acts as an optical coupling structure to effectively localize the incident
terahertz waves at the source end, thus forming a temperature gradient in the device channel and
inducing the thermoelectric terahertz response. At zero bias, the device has a high photoresponsivity
of 1.54 A/W, a noise equivalent power of 19.8 pW/Hz1/2, and a response time of 900 ns at 105 GHz.
Through qualitative analysis of the response mechanism of graphene PTE devices, we find that the
electrode-induced doping of graphene channel near the metal-graphene contacts play a key role in
the terahertz PTE response. This work provides an effective way to realize high sensitivity terahertz
detectors at room temperature.

Keywords: graphene; photothermoelectric; terahertz detector; noise equivalent power

1. Introduction

The terahertz (THz) radiation (0.1–10 THz) is located in the transition area between
electronics and optics and includes a wide electromagnetic frequency spectrum between
microwaves and infrared, and its optoelectronic hybrid characteristics have a wide range of
potential applications, including wireless communication, spectroscopy, material science,
sensing and imaging, etc. [1–3]. Since the 1980s, the rapid development of ultrafast lasers
and semiconductor technology has greatly facilitated the development of terahertz technol-
ogy. Terahertz detectors are key components of terahertz systems, but the low terahertz
photon energy makes it an extremely challenging task to achieve high-speed, sensitive
terahertz detection. Because the terahertz frequency band is located in the frequency gap
between microwaves and infrared, there are unprecedented methods for bridging the
gap. Terahertz detectors should have high sensitivity, short response time, low power
consumption, compatibility with readout circuits, and low manufacturing cost. Currently,
widely used terahertz detectors such as thermoelectric/Golay cell detectors, Schottky diode
detectors, quantum well detectors, bolometers, and field-effect transistor detectors, all have
some limitations, such as low sensitivity, complex material and device fabrication processes,
or low-temperature operation mode [4–7]. In order to expand the application range of
terahertz detectors, it is necessary to develop terahertz detectors that can work at room
temperature and have high sensitivity and fast response time.

Photothermoelectric (PTE) detectors are a kind of optical-thermal detector based on
the PTE effect. Unlike photoconductive and photovoltaic detectors whose spectral response
range is limited by the active semiconductor bandgap used in the detector, PTE detectors
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are known for their ultra-wideband response operation at room temperature and zero
driven bias [8–12]. In addition, the PTE detectors have the advantages of low noise, no
cooling unit, no external power supply, DC/AC dual-mode operation, and the ability
of detecting infrared and terahertz radiations. PTE can be divided into two processes:
photothermal conversion and thermoelectric effect. For photothermal conversion, carriers
absorb terahertz photons and transfer the photon energy to the other carriers through
electron-electron interaction, which results in the non-equilibrium distribution of carrier
gas and the temperature gradient along the device channel. The carrier temperature
gradients caused by terahertz photon absorption drive the diffusion of carriers from the
hot end to the cold end and create potential differences. Considering the variation of one-
dimensional temperature and Seebeck coefficient, the photogenerated voltage (VPTE) of
PTE detector is the integral of the product of Seebeck coefficient and temperature gradient
along the conduction channel of the device. The formula is

VPTE =
∫

S(x) ∆T(x) (1)

where S(x) is Seebeck coefficient and ∆T(x) is temperature gradient. The Seebeck coefficient
S reflects the magnitude of the temperature difference electric potential per unit temperature
change; when kBT << EF, according to Mott equation, S can also be written as

S =− π2kB
2T

3e
1
σ

dσ
dEF

(2)

where kB is Boltzmann constant, e is the electron charge, σ is the electrical conductivity of
the material, EF is Electron energy. From Equation (2), S is proportional to the conductivity
and the derivative of energy, so the Seebeck coefficient can be regulated by adjusting the
Fermi energy level, which is generally divided into gate control and chemical doping. For
PTE detectors, if we assume that the Seebeck coefficient varies in a small range along the
channel, the asymmetric distribution of temperature is necessary.

Since the discovery of graphene in 2004, researchers have begun to study various 2D
materials in depth, and the potential use of these materials as photodetectors in a wide
range of electromagnetic spectrum is an important research direction [13–19]. The intrinsic
bandgapless graphene has strong absorption at all frequencies, with spectral responses
ranging from visible to terahertz bands. The electron heat capacity of few-layer graphene is
much lower than that of bulk materials, resulting in the greater temperature variation with
the same absorbed energy [20–22]. The remarkable thermoelectric effect of two-dimensional
materials such as graphene and black phosphorus shows a good prospect in the develop-
ment of high performance room temperature terahertz detectors [23,24]. For example, 2D
material-based PTE terahertz detectors were built by depositing different metallic materials
as electrodes [25]. In these devices, electrode-induced channel P-type and N-type doping
results in an asymmetric distribution of Seebeck coefficients along the device channel,
which induces a PTE response. In addition, the split gate was used to construct lateral PN
junction in the device channel to achieve efficient terahertz PTE response [26]. Although ex-
cellent device performance is achieved, the above device structures are relatively complex.
Additionally, the gate voltage may introduce excess noise.

In this work, a simple antenna coupled asymmetric structure has been used to achieve
the excellent device performance of graphene PTE detectors, which can be compared with
the state-of-the-art two-dimensional materials terahertz detectors. Furthermore, we propose
a qualitative model to analyze the highly sensitive PTE response caused by asymmetric
coupling. In particular, we found that the metal-graphene contacts play a key role in the
terahertz PTE response. Our results have important guiding value for further optimization
of PTE terahertz detectors for two-dimensional materials in the future.
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2. Materials and Methods
2.1. Device Design and Fabrication

We used FDTD electromagnetic simulation to simulate and optimize the antenna
coupling structure of the detector, which has excellent local field enhancement for far-
field terahertz waves. Because high-resistivity silicon has high terahertz transmittance
and can effectively reduce the reflection of terahertz waves, a substrate of high-resistivity
silicon (ρ ≈ 20,000 Ω cm) covered with 300 nm SiO2 was used for the construction of
graphene PTE detectors. The detectors were fabricated by standard planar micro-nano
device processes and two-dimensional material transfer techniques. Firstly, the coupling
structure of the metal antenna (5 nm Ti/40 nm Au) was prefabricated by lithography,
electron beam evaporation, and lift-off processes. Then, the highly oriented pyrolytic
graphite was mechanically dissociated into micron-sized few-layer graphene (~30 nm)
using blue film tape, and the graphene flake was accurately transferred to the channel
area of the device by using 3D mechanical transfer platform and PDMS-assisted transfer
technology. The graphene device is encapsulated with metal leads onto a custom PCB
board for subsequent electrical and optical measurement.

2.2. Device Characterizaions

The output characteristic curve of the device was firstly measured using a high-precision
digital source meter (Keithley 2400). The SMB100A microwave source (110 kHz–20 GHz)
was used to drive a VDI solid-state 6-fold frequency multiplier to produce high-frequency
radiation (75 GHz–110 GHz) with a power density of 5 mW/cm2. The output port of
the multiplier is waveguide-coupled via a standard gain horn antenna, which emits lin-
early polarized high-frequency radiation into free space. The fundamental frequency
microwaves are electrically modulated, and then electrically modulated terahertz radiation
is output from the VDI multiplier and irradiated onto the device. In detail, a terahertz
beam electrically modulated with a frequency of 1 kHz is irradiated onto the detector, and
the generated photocurrent signals are amplified by a low-noise current amplifier (SR570)
and then recorded by an oscilloscope (Tektronix MSO2024B). The noise spectrum of the
detector is obtained by the spectrum analyzer (Keysight N9322C). The test process of the
device was all carried out in room temperature and air environment.

3. Results and Discussion

In order to enhance the PTE response of graphene to improve the performance of
terahertz detection, it is necessary to design an efficient asymmetric optical coupling
structure. We designed a logarithmic antenna coupling structure which can make the local
enhancement region of terahertz field at the source terminal of the device. Figure 1a,b
show the overall structure and the channel region of the optical coupling structure of
high-performance graphene PTE detector with asymmetric temperature distribution. The
logarithmic antenna consists of two metal sleeves containing a plurality of circular tooth
strips. The geometric design rules follow the so-called spoof–plasmon effect, which converts
the incident electromagnetic field into a surface plasma-induced local field, which causes
the terahertz light to focus into the channel region of the device [27]. The coupled antenna
is placed on the side close to the source end to form an asymmetric configuration, with two
vertically placed metal strips as readout electrodes to collect the photoelectric signals. Since
more terahertz electromagnetic energy is concentrated on the source side, unilateral heating
along the graphene channel creates an effective temperature difference, enabling the PTE
terahertz detection. The field distribution characteristics along the channel direction at
different frequencies were obtained by FDTD simulation (Figure 1c). It can be found that the
terahertz electric field has strong local enhancement and presents an effective asymmetric
distribution. Furthermore, the x-y plane distribution of the electric field intensities in the
frequency range of 80~110 GHz further verify the good field enhancement performance of
the device (Figure 1d–g), showing the efficient electromagnetic coupling capability of the
designed structure.
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Figure 1. (a) Structure of the logarithmic antenna optically coupled PTE device; (b) enlarged view of
device channel active region; (c) the electric field intensity distribution along the channel direction of
the coupled structure; (d–g) electric field distributions at different frequencies in the x–y plane.

Figure 2a is the schematic diagram of the terahertz test system. Figure 2b is an
optical image of the graphene PTE detector, showing that the prepared device has a
complete and good device structure. Good ohmic contact is the key to obtain excellent
performance of devices. As shown in Figure 2c, the linear current–voltage (I–V) curve
indicates that the device has excellent ohmic contacts. In order to characterize the spectral
response of the PTE detector, we measured the photoresponse of the device in the frequency
range 75–110 GHz at zero bias voltage. As shown in Figure 2d, the oscilloscope recorded
the rapid and stable pulsed photoresponse at different incident terahertz frequencies. It
can be seen that the graphene shows excellent optical response performance at different
frequencies, and its photocurrent could reach 13.6 µA at 105 GHz. The large photoresponse
is due to the excellent thermoelectric properties of graphene at room temperature and the
electromagnetic gain of the optimized antenna coupling asymmetric structure. Current
responsivity (RA) is an important parameter to evaluate the performance of the detector.
Its calculation formula is

RA =
Iph

Pin · A
(3)

where Iph is the photocurrent signal of the detector, Pin is the power density of the terahertz
beam, and A is the area of the detector. In this measurement, the power density of the
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terahertz beam is 5 mW/cm2, and the area of the detector is 600 µm × 300 µm (including
the antenna). As shown in Figure 2e, we calculate the zero-bias photoresponsivity of the
detector at different frequencies. The results show that the zero-bias photoresponsivity of
the graphene device can reach 1.54 A/W at 105 GHz, showing excellent device performance.
In addition, we further verify the reliability of the photocurrent signal of the device at zero
bias voltage. As shown in Figure 2f, we can find that when the terahertz wave impinges
on the device, the output current increases instantaneously. The current in the on state
corresponds to the highest point of the photocurrent waveform and the current in the
off state corresponds to the lowest point, and the difference between the two current
corresponds to the magnitude of the photocurrent.
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Figure 2. (a) Schematic diagram of terahertz photocurrent test system; (b) optical image of terahertz
graphene PTE detector; (c) room-temperature I–V curve; (d) photoresponse waveform of the de-
vice under different frequency illumination; (e) the zero-bias photoresponse of devices at different
frequencies; (f) real–time output current when the device is fixed at zero–bias voltage at 105 GHz.

In the following, we discuss on the speed of the PTE detector, which is usually de-
fined as the time measured from 10% up to 90% on rising edge of signal as well as the
recovery time (from 90% down to 10% of the falling edge). As shown in Figure 3a, the
response/recovery times of the device were 900 ns and 1.2 µs in a single signal period,
respectively. The fast response speed of the graphene device is due to the high mobility of
hot electrons in graphene, which is faster than typical room temperature thermal detectors
(such as pyroelectric detectors and bolometers), which is advantageous for practical appli-
cations. In addition, by setting different electrical modulation frequencies of the terahertz
source, we recorded the photoresponse of the graphene device at the terahertz frequency
of 100 GHz. As shown in Figure 3b, the photocurrent of the graphene device does not
decrease significantly in the modulation frequency range of 0–20 kHz (limited by the maxi-
mum electrical modulation frequency of the terahertz source), further confirming the high
sensitivity and high-speed response capability. Figure 3c shows the stable waveforms of
the device recorded by the oscilloscope at 10 kHz and 20 kHz modulation frequencies.
An important characteristic of the ideal terahertz detector is the linear dynamic range,
that is, there is a linear relation between input terahertz intensity and the photocurrent.
Figure 3d shows a good linear relationship between photocurrent and incident power,
confirming the power dependence of PTE response. From the perspective of practical
applications, the noise equivalent power (NEP) is another key parameter to evaluate the
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performance of photodetectors. NEP is defined as the lowest detectable power within the
measurement bandwidth of 1 Hz, calculated by

NEP =
in

RA
(4)

where in is the noise value at the modulation frequency, and RA is the responsivity of the
detector. The noise spectrum of detectors usually contains several different main noise
sources, including 1/f noise, shot noise and thermal noise (Johnson-Nyquist noise) [28–30].
The 1/f noise results from changes in electronic state and is prevalent at low frequencies
(below 1 kHz). Shot noise is caused by photoexcited carriers randomly generated by the
detector under radiation or thermal excitation. Thermal noise is related to the ohmic
resistance and temperature of the detector and is generated by the random thermal motion
of charge carriers. Since our graphene devices are operated in zero-bias mode, the shot noise
is negligible, and the thermal noise dominates the noise spectrum of the detector. In order
to obtain the detector sensitivity, we used a spectrum analyzer (Keysight N9322C) to obtain
the noise spectrum of the devices under zero bias (Figure 3e). As shown in Figure 3f, we
evaluated the NEP of the graphene device at different frequencies. The terahertz graphene
PTE detector achieved a low NEP of 19.8 pW/Hz1/2 at 105 GHz, showing good detection
sensitivity. The performance comparison of the 2D material-based terahertz detectors is
shown in Table 1, showing that our graphene PTE devices have good performance.
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Figure 3. (a) Response time of the graphene detector; (b) variation of optical response with modu-
lation frequency; (c) the optical response waveform of the graphene detector at 10 kHz and 20 kHz
modulation frequencies; (d) power dependent optical response; (e) measured noise spectral den-
sity of the graphene detector at 300 K; (f) noise equivalent power of the graphene detector at
different frequencies.

In order to optimize the device performance in the future, we proposed a qualitative
theoretical model to analyze the high terahertz sensitivity caused by the asymmetric
antenna coupling structure. As shown in Figure 4a, the IV curves of the graphene device
remain parallel under 105 GHz illumination and dark conditions, indicating that the
bolometric effect is negligible. In addition, the photoresponse remains constant with the
increase in applied bias, which is consistent with the bias insensitivity of the PTE effect [26].
Figure 4b shows the schematic diagram of the response mechanism of the graphene PTE
detector. In our device, the coupling antenna and the readout electrode are separated,
and the coupling antenna is positioned away from the center of the channel and acts as a
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focusing structure to heat one end of the graphene. Since the readout electrodes at both ends
of the graphene channel are of the same metal, the doping effect of the metal electrode on
both ends of the graphene is the same, so it can be considered that the Seebeck coefficients
of the doping regions at both ends are the same. Considering the high thermal conductivity
of the metal and the fact that the focusing structure of the antenna does not directly heat
the electrode, it can be considered that the temperature difference of the source-drain metal
readout electrode is negligible. According to Equation (1), the thermoelectric response of
the graphene channel can be written as

VPTE= S1(T 1−T0) + S0(T2−T1)+S1(T 0−T2) = (S 1−S0)(T 1−T2) (5)

where S1 is the Seebeck coefficient in the metal-doped area, S0 is the Seebeck coefficient of
graphene away from the metal electrode, T0 is the metal temperature, T1 and T2 are the
temperature at the end of the doped graphene, and Th is the highest temperature point of
channeled graphene. According to Equation (5), the electrode-induced doping of graphene
channel near the metal-graphene contacts play a key role in the terahertz PTE response.
The thermoelectric response of graphene is determined by the electrode-induced doping
on graphene and the temperature difference along graphene channel. Due to the good
doping of metals to graphene, this ensures the difference of Seebeck coefficients between
the doped and undoped regions of graphene. Considering the contribution of Seebeck
coefficient difference, the PTE response will be further improved if the signs of the Seebeck
coefficient are opposite. Furthermore, the location of the optical coupling antenna in the
graphene channel determines the temperature difference required to achieve the graphene
PTE response. It can also be seen that when the coupling antenna is located in the middle
of the device channel, due to the symmetrical configuration, the temperature difference will
be zero, and the PTE response is completely suppressed. As the coupled antenna moves
away from the center of the graphene channel, the temperature at the end of the graphene
doping region near the coupled antenna will be closer to the maximum temperature point,
and the effective temperature difference to drive the PTE response of the graphene will be
expanded, thus improving the graphene PTE response.

Table 1. Comparison of performance of 2D material-based terahertz detectors.

Material Frequency Responsivity NEP Response Time Reference

black phosphorus 0.29 THz 135 V/W 138 pW/Hz1/2 800 ns [24]

Graphene 3 THz 49 V/W 160 pW/Hz1/2 3 ns [31]

Graphene 0.6 THz 764 V/W 515 pW/Hz1/2 - [32]

PdSe2 0.1 THz 0.02 A/W 142 pW/Hz1/2 7.5 µs [33]

Graphene 0.105 THz 1.54 A/W 19.8 pW/Hz1/2 900 ns This work
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Figure 4. (a) The I–V curve of the detector with and without terahertz illumination; (b) Schematic
diagram of the photothermoelectric response of graphene.
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4. Conclusions

In summary, we achieved sensitive graphene-based PTE terahertz detectors by using
an efficient asymmetric antenna coupling structure, which exhibits excellent zero bias
detection performance in the frequency range of 75 GHz to 110 GHz. The measurement
results show that the graphene device has a zero bias photoresponsivity of 1.54 A/W, a noise
equivalent power of 19.8 pW/Hz1/2, and a response time of 900 ns. Furthermore, through
qualitative analysis of the response mechanism of graphene PTE devices, we find that the
electrode-induced doping of graphene channel near the metal-graphene contacts play a key
role in the terahertz PTE response. These results show that the optical coupled structure we
designed effectively improves the thermalelectric terahertz detection sensitivity, providing
an effective way to further improve the performance of two-dimensional materials terahertz
detectors in the future.

Author Contributions: Conceptualization, Y.Z., X.G. and M.C.; experiments, L.H., L.W. and M.C.;
data curation, X.G., M.C., L.H. and L.W.; simulation, L.W., analysis, X.G., M.C., L.H. and L.W.;
funding, Y.Z. and X.G.; supervision: Y.Z. and X.G.; writing—original draft, M.C., L.H. and L.W.;
writing—review and editing, X.G., M.C., L.H., Y.Y. and L.W. L.H. and L.W. have contributed equally.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (62201349,
61731020, and 61988102), the 111 Project (D18014), the Key project supported by Science and Technol-
ogy Commission Shanghai Municipality (YDZX20193100004960), and the General Administration of
Customs Project (2020hk251).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pawar, A.Y.; Sonawane, D.D.; Erande, K.B.; Derle, D.V. Terahertz Technology and Its Applications. Drug Invent. Today 2013, 5,

157–163. [CrossRef]
2. Jin, Z.; Peng, Y.; Fang, Y.; Ye, Z.; Fan, Z.; Liu, Z.; Bao, X.; Gao, H.; Ren, W.; Wu, J.; et al. Photoinduced Large Polaron Transport and

Dynamics in Organic–Inorganic Hybrid Lead Halide Perovskite with Terahertz Probes. Light Sci. Appl. 2022, 11, 209. [CrossRef]
3. Wang, Q.; Wang, Q.; Yang, Z.; Wu, X.; Peng, Y. Quantitative Analysis of Industrial Solid Waste Based on Terahertz Spectroscopy.

Photonics 2022, 9, 184. [CrossRef]
4. Rogalski, A. Progress in Performance Development of Room Temperature Direct Terahertz Detectors. J. Infrared Milli. Terahz.

Waves 2022, 43, 709–727. [CrossRef]
5. Sizov, F.; Rogalski, A. THz Detectors. Prog. Quantum Electron. 2010, 34, 278–347. [CrossRef]
6. Yang, J.; Qin, H.; Zhang, K. Emerging Terahertz Photodetectors Based on Two-Dimensional Materials. Opt. Commun. 2018, 406,

36–43. [CrossRef]
7. Rogalski, A.; Kopytko, M.; Martyniuk, P. Two-Dimensional Infrared and Terahertz Detectors: Outlook and Status. Appl. Phys. Rev.

2019, 6, 021316. [CrossRef]
8. Dai, M.; Wang, C.; Ye, M.; Zhu, S.; Han, S.; Sun, F.; Chen, W.; Jin, Y.; Chua, Y.; Wang, Q.J. High-Performance, Polarization-Sensitive,

Long-Wave Infrared Photodetection via Photothermoelectric Effect with Asymmetric van Der Waals Contacts. ACS Nano 2022, 16,
295–305. [CrossRef]

9. Tielrooij, K.J.; Massicotte, M.; Piatkowski, L.; Woessner, A.; Ma, Q.; Jarillo-Herrero, P.; Van Hulst, N.F.; Koppens, F.H.L. Hot-Carrier
Photocurrent Effects at Graphene–Metal Interfaces. J. Phys. Condens. Matter 2015, 27, 164207. [CrossRef]

10. Lu, X.; Sun, L.; Jiang, P.; Bao, X. Progress of Photodetectors Based on the Photothermoelectric Effect. Adv. Mater. 2019, 31, 1902044.
[CrossRef]

11. Liu, J.; Li, X.; Jiang, R.; Yang, K.; Zhao, J.; Khan, S.A.; He, J.; Liu, P.; Zhu, J.; Zeng, B. Recent Progress in the Development of
Graphene Detector for Terahertz Detection. Sensors 2021, 21, 4987. [CrossRef]

12. Low, T.; Engel, M.; Steiner, M.; Avouris, P. Origin of Photoresponse in Black Phosphorus Phototransistors. Phys. Rev. B 2014,
90, 081408. [CrossRef]

13. Novoselov, K.S.; Mishchenko, A.; Carvalho, A.; Castro Neto, A.H. 2D Materials and van Der Waals Heterostructures. Science 2016,
353, aac9439. [CrossRef]

http://doi.org/10.1016/j.dit.2013.03.009
http://doi.org/10.1038/s41377-022-00872-y
http://doi.org/10.3390/photonics9030184
http://doi.org/10.1007/s10762-022-00882-2
http://doi.org/10.1016/j.pquantelec.2010.06.002
http://doi.org/10.1016/j.optcom.2017.05.041
http://doi.org/10.1063/1.5088578
http://doi.org/10.1021/acsnano.1c06286
http://doi.org/10.1088/0953-8984/27/16/164207
http://doi.org/10.1002/adma.201902044
http://doi.org/10.3390/s21154987
http://doi.org/10.1103/PhysRevB.90.081408
http://doi.org/10.1126/science.aac9439


Sensors 2023, 23, 3249 9 of 9

14. Xia, F.; Wang, H.; Xiao, D.; Dubey, M.; Ramasubramaniam, A. Two-Dimensional Material Nanophotonics. Nat. Photonics 2014, 8,
899–907. [CrossRef]

15. Long, M.; Wang, P.; Fang, H.; Hu, W. Progress, Challenges, and Opportunities for 2D Material Based Photodetectors. Adv. Funct.
Mater. 2019, 29, 1803807. [CrossRef]

16. Vicarelli, L.; Vitiello, M.S.; Coquillat, D.; Lombardo, A.; Ferrari, A.C.; Knap, W.; Polini, M.; Pellegrini, V.; Tredicucci, A. Graphene
Field-Effect Transistors as Room-Temperature Terahertz Detectors. Nat. Mater. 2012, 11, 865–871. [CrossRef]

17. Yang, Y.; Zhang, K.; Zhang, L.; Hong, G.; Chen, C.; Jing, H.; Lu, J.; Wang, P.; Chen, X.; Wang, L.; et al. Controllable Growth of
Type-II Dirac Semimetal PtTe2 Atomic Layer on Au Substrate for Sensitive Room Temperature Terahertz Photodetection. InfoMat
2021, 3, 705–715. [CrossRef]

18. Xu, H.; Fei, F.; Chen, Z.; Bo, X.; Sun, Z.; Wan, X.; Han, L.; Wang, L.; Zhang, K.; Zhang, J.; et al. Colossal Terahertz Photoresponse at
Room Temperature: A Signature of Type-II Dirac Fermiology. ACS Nano 2021, 15, 5138–5146. [CrossRef] [PubMed]

19. Yu, A.; Yang, Z.; Cai, M.; Zhang, H.; Tian, Z.; Guo, X.; Wang, L.; Balakin, A.V.; Shkurinov, A.P.; Zhu, Y. Graphene Plasmons-
Enhanced Terahertz Response Assisted by Metallic Gratings. Nanophotonics 2022, 11, 4737–4745. [CrossRef]

20. Yoshioka, K.; Wakamura, T.; Hashisaka, M.; Watanabe, K.; Taniguchi, T.; Kumada, N. Ultrafast Intrinsic Optical-to-Electrical
Conversion Dynamics in a Graphene Photodetector. Nat. Photonics 2022, 16, 718–723. [CrossRef]

21. Song, J.C.W.; Rudner, M.S.; Marcus, C.M.; Levitov, L.S. Hot Carrier Transport and Photocurrent Response in Graphene. Nano Lett.
2011, 11, 4688–4692. [CrossRef]

22. Xia, F.; Mueller, T.; Lin, Y.; Valdes-Garcia, A.; Avouris, P. Ultrafast Graphene Photodetector. Nat. Nanotechnol. 2009, 4, 839–843.
[CrossRef]

23. Viti, L.; Hu, J.; Coquillat, D.; Knap, W.; Tredicucci, A.; Politano, A.; Vitiello, M.S. Black Phosphorus Terahertz Photodetectors. Adv.
Mater. 2015, 27, 5567–5572. [CrossRef]

24. Guo, W.; Dong, Z.; Xu, Y.; Liu, C.; Wei, D.; Zhang, L.; Shi, X.; Guo, C.; Xu, H.; Chen, G.; et al. Sensitive Terahertz Detection and
Imaging Driven by the Photothermoelectric Effect in Ultrashort-Channel Black Phosphorus Devices. Adv. Sci. 2020, 7, 1902699.
[CrossRef] [PubMed]

25. Cai, X.; Sushkov, A.B.; Suess, R.J.; Jadidi, M.M.; Jenkins, G.S.; Nyakiti, L.O.; Myers-Ward, R.L.; Li, S.; Yan, J.; Gaskill, D.K.; et al.
Sensitive Room-Temperature Terahertz Detection via the Photothermoelectric Effect in Graphene. Nat. Nanotechol. 2014, 9,
814–819. [CrossRef] [PubMed]

26. Castilla, S.; Terrés, B.; Autore, M.; Viti, L.; Li, J.; Nikitin, A.Y.; Vangelidis, I.; Watanabe, K.; Taniguchi, T.; Lidorikis, E.; et al. Fast
and Sensitive Terahertz Detection Using an Antenna-Integrated Graphene pn Junction. Nano Lett. 2019, 19, 2765–2773. [CrossRef]

27. Zhang, L.; Chen, Z.; Zhang, K.; Wang, L.; Xu, H.; Han, L.; Guo, W.; Yang, Y.; Kuo, C.-N.; Lue, C.S.; et al. High-Frequency Rectifiers
Based on Type-II Dirac Fermions. Nat. Commun. 2021, 12, 1584. [CrossRef]

28. Clément, N.; Nishiguchi, K.; Fujiwara, A.; Vuillaume, D. One-by-One Trap Activation in Silicon Nanowire Transistors. Nat.
Commun. 2010, 1, 92. [CrossRef] [PubMed]

29. Balandin, A.A. Low-Frequency 1/f Noise in Graphene Devices. Nat. Nanotechnol. 2013, 8, 549–555. [CrossRef]
30. Parmentier, F.D.; Serkovic-Loli, L.N.; Roulleau, P.; Glattli, D.C. Photon-Assisted Shot Noise in Graphene in the Terahertz Range.

Phys. Rev. Lett. 2016, 116, 227401. [CrossRef]
31. Viti, L.; Purdie, D.G.; Lombardo, A.; Ferrari, A.C.; Vitiello, M.S. HBN-Encapsulated, Graphene-Based, Room-Temperature

Terahertz Receivers, with High Speed and Low Noise. Nano Lett. 2020, 20, 3169–3177. [CrossRef] [PubMed]
32. Auton, G.; But, D.B.; Zhang, J.; Hill, E.; Coquillat, D.; Consejo, C.; Nouvel, P.; Knap, W.; Varani, L.; Teppe, F.; et al. Terahertz

Detection and Imaging Using Graphene Ballistic Rectifiers. Nano Lett. 2017, 17, 7015–7020. [CrossRef] [PubMed]
33. Dong, Z.; Yu, W.; Zhang, L.; Mu, H.; Xie, L.; Li, J.; Zhang, Y.; Huang, L.; He, X.; Wang, L.; et al. Highly Efficient, Ultrabroad PdSe2

Phototransistors from Visible to Terahertz Driven by Mutiphysical Mechanism. ACS Nano 2021, 15, 20403–20413. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/nphoton.2014.271
http://doi.org/10.1002/adfm.201803807
http://doi.org/10.1038/nmat3417
http://doi.org/10.1002/inf2.12193
http://doi.org/10.1021/acsnano.0c10304
http://www.ncbi.nlm.nih.gov/pubmed/33620212
http://doi.org/10.1515/nanoph-2022-0455
http://doi.org/10.1038/s41566-022-01058-z
http://doi.org/10.1021/nl202318u
http://doi.org/10.1038/nnano.2009.292
http://doi.org/10.1002/adma.201502052
http://doi.org/10.1002/advs.201902699
http://www.ncbi.nlm.nih.gov/pubmed/32154074
http://doi.org/10.1038/nnano.2014.182
http://www.ncbi.nlm.nih.gov/pubmed/25194945
http://doi.org/10.1021/acs.nanolett.8b04171
http://doi.org/10.1038/s41467-021-21906-w
http://doi.org/10.1038/ncomms1092
http://www.ncbi.nlm.nih.gov/pubmed/20981020
http://doi.org/10.1038/nnano.2013.144
http://doi.org/10.1103/PhysRevLett.116.227401
http://doi.org/10.1021/acs.nanolett.9b05207
http://www.ncbi.nlm.nih.gov/pubmed/32301617
http://doi.org/10.1021/acs.nanolett.7b03625
http://www.ncbi.nlm.nih.gov/pubmed/29016145
http://doi.org/10.1021/acsnano.1c08756
http://www.ncbi.nlm.nih.gov/pubmed/34780146

	Introduction 
	Materials and Methods 
	Device Design and Fabrication 
	Device Characterizaions 

	Results and Discussion 
	Conclusions 
	References

