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Ultrasensitive and Self-Powered Terahertz Detection Driven
by Nodal-Line Dirac Fermions and Van der Waals

Architecture

Libo Zhang, Zhuo Dong, Lin Wang,* Yibin Hu, Cheng Guo, Lei Guo, Yulu Chen, Li Han,
Kaixuan Zhang, Shijian Tian, Chenyu Yao, Zhigingzi Chen, Miao Cai, Mengjie Jiang,
Huaizhong Xing,* Xianbin Yu, Xiaoshuang Chen, Kai Zhang,* and Wei Lu

Terahertz detection has been highly sought to open a range of cutting-edge
applications in biomedical, high-speed communications, astronomy, security
screening, and military surveillance. Nonetheless, these ideal prospects are
hindered by the difficulties in photodetection featuring self-powered operation
at room temperature. Here, this challenge is addressed for the first time by
synthesizing the high-quality ZrGeSe with extraordinary quantum properties
of Dirac nodal-line semimetal. Benefiting from its high mobility and gapless
nature, a metal-ZrGeSe-metal photodetector with broken mirror symmetry
allows for a high-efficiency photoelectric conversion assisted by the
photo-thermoelectric effect. The designed architecture features ultrahigh
sensitivity, excellent ambient stability, and an efficient rectified signal even
above 0.26 THz. Maximum responsivity larger than 0.11 A W~', response
time of 8.3 ps, noise equivalent power (NEP) less than 0.15 nW Hz~"/2, and
demonstrative imaging application are all achieved. The superb performances
with a lower dark current and NEP less than 15 pW Hz~'/? are validated
through integrating the van der Waals heterostructure. These results open up
an appealing perspective to explore the nontrivial topology of Dirac nodal-line
semimetal by devising the peculiar device geometry that allows for a novel
roadmap to address targeted terahertz application requirements.

a broad spectrum.

[6-8]

1. Introduction

The quest for novel terahertz (THz) detec-
tion featuring uncooled and self-powered
capabilities has received unprecedented re-
search interest from scientific and techni-
cal communities, driven by its widespread
applications in remote sensing, noninva-
sive imaging, wireless communication, and
high-resolution spectroscopy.'*! Commer-
cially available THz detectors based on
traditional semiconductors such as Go-
lay cells, Schottky diodes, microbolome-
ters, and others, suffer from severe draw-
backs, failing to approach a good tradeoff
between high-speed, high-sensitivity, and
working temperature.’] A step-change im-
provement could be supplied by exploring
innovative materials and novel device archi-
tecture that invokes exceptional photodetec-
tion mechanisms.

The advent of 2D materials with pe-
culiar structures and electronic properties
provide versatile capabilities for design-
ing flexible optoelectronic devices across
Due to the Pauli blocking and quan-

tum confinement effect, most 2D materials have congenital
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disadvantages for low-energy photon detection due to the
quantum-confined large bandgap, weak optical absorption, and
shorter carrier lifetime.’ The emergence of the topological
semimetal (TSM) opens a door for developing self-powered
low-energy photodetection, stemming from their gapless na-
ture similar to graphene but with more intriguing physical
properties.l1%14l Benefiting from linear dispersion band struc-
ture protected by inversion-symmetry, the detectable wavelength
limited by bandgap is absent for TSM, and fast relaxation of
nonequilibrium carriers enables high-speed operation across
a broad spectrum band.[*! Since the first demonstration of
TSM,[1%] 3 fruitful avenue of strategies has been proposed to de-
velop innovative optical techniques by taking advantage of topo-
logically nontrivial electronic band structures and quantum wave-
function behavior of the TSM, which will satisfy the massive
needs for high-frequency optoelectronics. Among such, 3D Dirac
semimetal Cd;As, has spawned highly sensitive photodetection
with a simple configuration in the mid-infrared region, and the
graphene-Cd;As, hybrid system through layer-by-layer stacking
exhibits the quantized conductance plateaus by local and nonlo-
cal signals near the Dirac point.I'”] Additionally, due to the mid-
infrared bulk photovoltaic effect in the Weyl semimetal TaAs,
the shift current separated from the photo-thermoelectric effect
is revealed via the polarization measurement.['®] The shift cur-
rent of Weyl semimetal TalrTe, is boosted up by the singulari-
ties of the Berry curvature at the vicinity of Weyl nodes, opening
up novel feasibility to explore exotic photoresponse through the
single-particle excitation process in the mid-infrared regime.*"!
However, these efforts toward energy harvesting at longer wave-
lengths are overwhelmed by the lack of a peculiar band structure
that allows for addressing bottlenecks of the traditional single-
particle excitation.

Nodal-line semimetals (NLS), which possess linearly dispers-
ing bulk bands crossing points, creating a closed-loop rather than
discrete points in the Brillouin zone (BZ), encourage more new-
fangled fundamental researches and device applications for low-
energy photon detection due to novel quantum properties, in-
cluding ultrahigh stability, quantized Hall effect, and colossal
magnetoresistance.[2°-23] Here, we demonstrate efficient THz de-
tection by exploring light-matter interaction within nodal-line
Dirac fermions, where high-quality material growth technology
has implemented significant performance improvement in com-
bination with novel device architecture.
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2. Results

The single crystal ZrGeSe is synthesized via the chemical vapor
transport (CVT) method using the iodine (I,) as a transport agent
and the high-purity element powders of Zr, Ge, Se as the precur-
sors in Figure 1a (see the Experimental Section for details). Ra-
man spectra, shown in Figure S1 (Supporting Information), is
also performed out to confirm the chemical structure of multi-
layer exfoliated ZrGeSe flake, and three prominent Raman peaks
By, Ay, and A, at 167, 179, and 222 cm™" conform well with
theoretically documented results.[?*] ZrGeSe characterization re-
sults (lattice parameter, lattice spacing, and multilayer thickness)
in Figure S1 (Supporting Information) agree with density func-
tional theory (DFT)-calculated values and ZrGeSe is also proved
as NLS with high mobility in Figure 1b. ZrGeSe has a PbCIF-
type tetragonal crystal structure with P4/nmm space group,?’!
possessing a platelike stacking of Ge-Zr-Se-Se-Zr-Ge slabs along
the z-axis in Figure 1c. Ge atoms alone form a square net located
in the x—y plane, and Zr atoms are coordinated by four Se atoms.
Figure 1d (i-iv) shows a low magnification scanning electron mi-
croscope (SEM) image and the uniform distribution of Zr, Ge,
and Se elements by element mapping analysis.

The ZrGeSe-based device is designed in a planar structure con-
tacted by fan-shaped electrodes (source (S) and drain (D) elec-
trodes) with dissimilar metals in Figure 2a. The source and drain
electrodes with the 8 um channel length are materialized with
electron beam lithography combined with the evaporation of
Cr/Au and Ni/Au metallic stacks. In this structure, an asymme-
try is introduced that enables the generation of THz detection
signal stemming from different Seebeck coefficients of Cr and Ni
contacts. The corresponding optical and atomic force microscopy
(AFM) images are presented in Figure S3 (Supporting Informa-
tion). THz radiation is generated from a VDI multiplier-link and
collimated by two polymethylpentene (TPX) lenses with focal
lengths of 100 mm (Measurement setup in Figure 2a and details
see Experimental Section). Meanwhile, the photoresponse mea-
surements are performed by using a lock-in technique. The linear
current-voltage (I-V) curve in the dark shows an excellent ohmic
contact between the material and metal stacks (Figure S3, Sup-
porting Information). When the THz beam at normal incidence
impinges onto the channel, the antenna near the channel will
accumulate induction oscillating charges and yields the surface
carriers oscillation in ZrGeSe, during which the electromagnetic
wave is converted effectively into a direct current. The selective
frequency-dependence of photoresponse from 0.072-0.12, 0.23—
0.30 THz is shown in Figure S3 (Supporting Information) due to
the absorption of the THz photon at different frequencies and the
antenna geometry. By following the formula of R, = I;,/PS,, the
derived peak responsivity can reach 0.56 A W=! at 0.10 THz and
0.11 A W~ at 0.26 THz, respectively. By applying a bias voltage
across the S-D electrodes (the S electrode is grounded), there is
a significant photocurrent change contributed by the photocarri-
ers that are accelerated along with the electric field (Figure 2b).
To further validate the performance of the ZrGeSe photodetec-
tor in the THz region, dynamic photosignal curves with various
incident power densities are measured at ambient temperature
without a bias voltage (Figure 2c). The linear dynamic range as
an important property for a photodetector can be quantified by
measuring photocurrent (I,;,) under different power intensities

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. CVT synthesis and characterization of ZrGeSe single crystals. a) Schematic of the CVT growth method. b) Electronic band structure of the bulk
ZrGeSe. c) The lattice structure of ZrGeSe. The natural cleavage plane gives rise to the neighboring Zr-Se layers, which possess relatively weak Zr-Se
bonding. d) Element mapping. The scale bar corresponds to 500 nm.
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Figure 2. The performances of the ZrGeSe-based photodetector. a) Schematic representation of measurement setup on the top. A THz spot with uniform
intensity distribution measured by a terahertz camera is shown on the right. b) Bias-dependence of detected signal at 0.26 THz, ranging from —0.1t0 0.1
V with 0.01 V step. ¢) Dynamic photosignal curve with different incident power densities. d) Polar diagram of photosignal characteristics as a function
of @ (6 = 90": fan-shaped antenna axis parallel to the radiation polarization), inset shows an optical image of the device and the photoactive region of
ZrGeSe channel.

line with the polarization of radiation. In the meantime, the po-
larization angle corresponding to the maximum photoresponse
remains the same at different incident frequencies.

To further characterize the device performance, the response
time, routinely defined as the time required by the photoresponse
rising from 10% to 90% or falling from 90% to 10% for a single

(Details see the Experimental Section and Figure S4 in the Sup-
porting Information), and excellent linearity (36 dB) validates the
square-law of electric-field dependent photoresponse. The polar-
ization dependence of our device is also measured via changing
of beam polarization-angle 0, as shown in Figure 2d, in which
photoresponse is peaked when the fan-shaped antenna axis is in
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Figure 3. Optical characterization. a) Time-resolved photosignal of ZrGeSe-based photodetector at Vg, = 0 V. b) The pulse response measurement at
the electronic modulated frequency of 1, 5, 10, and 20 kHz under ambient conditions. c) Responsivity as a function of the modulation frequency at 0.1
and 0.26 THz. d) Frequency dependence of the photosignal of the device, measured at V4, = 0 V. e) Voltage noise spectra of the ZrGeSe device without
external bias is a reference for the 1/f noise trend. The fitted red line is a reference for the 1/f noise trend. f) Optical noise equivalent power (NEP)
extracted as the ratio between the thermal Johnson—Nyquist noise spectral density and responsivity (Ry) (red dotted line), and as the ratio between the

measured noise voltage (Ny) and responsivity (Ry) (blue solid ball).

impulse, is retrieved directly from the high-speed sampling os-
cilloscope. Figure 3a displays the rise time of ~8.1 us and the fall
time of ~6.3 ps at electrically modulated frequencies of over 1
kHz, attributed to more efficient carriers collection with the in-
traband process. The pulsed photosignals at the electrically mod-
ulated frequency of 1, 5, 10, and 20 kHz are comparatively dis-
played in Figure 3b, showing no noticeable photocurrent deterio-
ration. The modulation frequency-dependence of the responsiv-
ity at 0.10 and 0.26 THz in Figure 3c substantiates both the high-
sensitivity and high-speed capabilities. By further decreasing the
operation temperature, the photocurrent of our device exhibits a
significantimprovement at 77 K (Figure 3d), which is attributable
to the transport improvement of the material, and the resonance
frequency remains rigidly unchanged, as is determined mainly
by the antenna structure and material absorption-ability. To fur-
ther assess the photodetection sensitivity, noise equivalent power
(NEP) is calculated as the ratio between noise voltage density
and responsivity (v, /R). Noise spectral density (Figure 3e) reflects
differently dominant noise sources in the whole system, includ-
ing 1/f noise, shot noise, and Johnson-Nyquist noise (thermal
noise, v,). The 1/f noise originates from the changing of elec-
tronic states, prevailing at low frequencies (below 1 kHz). The
shot noise is caused by the random generation of photogenerated
carriers under radiation or thermal excitation of the detector. The
thermal noise is associated with the ohmic resistance and tem-
perature of the detector, generated by the random thermal mo-
tion of charge carriers. In this system, 1/fnoise can be negligible
since our device remains highly efficient even at the modulated
frequency over 1 kHz,?%?’] and operating in zero-bias condition,
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the contribution of shot noise to the entire noise spectrum can
also be ignored.I?] Thermal noise v, contribution to noise spec-
tral density via v, =4/4ky Tr is #3.95 nV Hz~!/2 at room temper-
ature, is in the same order of magnitude as the results we mea-
sured experimentally (Figure 3e). As an essential performance
metric, optical NEP, including the contribution of the antennas
and the measurement circuit, can be approximated as v,/R,, and
the minimum value of NEP is around 150 pW H, /2 at ambient
temperature (Figure 3f).

By adopting symmetric contact-patterning, the photodetector
exhibits negligence photoresponse. Instead, an asymmetric con-
figuration with dissimilar metallic contact leads to directional
thermoelectric detection. Meanwhile, the finite difference time
domain (FDTD) simulation is also implemented to investigate
the effect of different metal contact schemes. The localized
field distribution in the channel in Figure 4a indicates that
the asymmetric antenna structure could focus THz photons
more effectively than similar metal contacts. There is clear
evidence based on experimental results that obey our foregoing
inference by comparing the performance between two device
configurations (Figure 4c). Here, a simple analytical model
is presented to delineate the underlying physics process of
photocurrent generation in Figure 4b.[2] The locally heated
carriers under THz radiation and rapidly heat transferring by
metallic pads produce a heat-driven carrier flowing as a result of
gradient temperature-distribution near the photoactive region.
Owing to the dissimilar Seebeck coefficients S(E;) between the
source and drain metal contacts, the diffusion of hot carriers
induces a potential gradient VV (x)= -AS(E)VT(x), and the

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Simulated THz enhancement field distribution based on Ni-Cr electrodes and b) Profiles across the carrier temperature T(x), Fermi energy
Er(x), Seebeck coefficient S(x), and potential gradient based on Cr—Cr electrodes without bias voltage and Ni—Cr electrodes without a bias voltage. c)
The frequency dependence of the responsively for the device based on similar, dissimilar metal contact and heterojunction, respectively. d) Schematic
representation of the ZrGeSe-graphene vdW heterostructure device. Inset: Optical image of the heterostructure-based device and schematic band dia-
gram of ZrGeSe-graphene heterostructure without bias voltage. E; and ¢ denote the Fermi level and work function, respectively. €) NEP as a function
of the frequency without a bias voltage. The minimum value of NEP is around 14.6 pW HZ~"/2. f) The comparison of reported typical 2D materials THz

photodetectors at 300K (data taken from Refs.[32-44].

photo-thermoelectric  (PTE) current is given Dby Ippg
o« |E|? f VV(x), where |E|? is the electric field distribution.3%31]
We find that ZrGeSe could be a suitable candidate for engineer-
ing THz detection, and photosignal can be flexibly manipulated
without bias voltage and with the advantages of low thermal
noise and power consumption.

An attractive and reasonable strategy to further suppress the
dark noise is to integrate ZrGeSe with the few-layer graphene,
which is immune to lattice mismatch via van der Waals (vdW)
stacking shown in Figure 4d (inset: the optical image of
ZrGeSe/graphene heterostructure). Upon THz illumination, the
different light-absorption abilities of ZrGeSe or graphene lay-
ers can give rise to a temperature gradient at the interface of
the stacked region and intraband transport of nonequilibrium
carriers across the heterostructure can be activated. These carri-
ers would directionally flow owing to different band alignments
between two materials in the inset of Figure 4d and are col-
lected by the electrode, leading to the pronounced photoresponse
even at 0.27 THz. Through thermal-agitation noise-suppressing,
this vdW heterostructure improves detection sensitivity appar-
ently, and NEP ~14.6 pW Hz '/? is achieved under the 0.27
THz illumination Figure 4e (more details see Figure S5 in the
Supporting Information), which is much lower than most re-
ported room-temperature THz photodetectors based on typical
2D materials in Figure 4f. Thus, the room-temperature pho-
todetection capability of the ZrGeSe-graphene vdW photodetec-
tor with low dark current and high sensitivity opens a unique
path to extensive area application in portable optoelectronic
devices.

Adv. Sci. 2021, 8, 2102088
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Typically, visible/infrared imaging can hardly penetrate many
targeted objects, and the low resolution of microwave-based
imaging hampers the observable details. In this regard, THz
imaging will be an excellent candidate to possess the unique ad-
vantages of both imaging routes with the aim of suitable reso-
lution and penetrability (Figure 5a). Our ZrGeSe photodetector
with fast response, remarkable NEP, and stability has already
been exploitable for practical application in a series of large-area
transmission-imaging verification. The THz beam is focused by
two pairs of off-axis parabolic mirrors, and the images are ac-
quired by raster-scanning the target objects at the beam focus,
consisting of the 200 x 200-pixel image with a 20 ms integration
time at pixel (Figure 5b). Transmission images for ink and metal-
lic scissor inside an envelope are revealed in Figure 5c,d. Even
though objects are enclosed and invisible to the human eyes, the
details of target objects could be seen by the ZrGeSe photodetec-
tor.

3. Conclusions

Here, high-quality single-crystal growth and device implemen-
tation of a topological nodal-line semimetal ZrGeSe have been
reported for the first time. The THz photodetector with ultra-
high sensitivity, low NEP, good air-stability has been developed
by utilizing the superior dynamics of nodal-line Dirac fermions
at room temperature. The responsivity being larger than 0.11 A
W-! of ZrGeSe-based photodetector with a simple configuration
at the self-powered mode is superior to any other 2D material-
based detectors operating at room temperature by utilization of

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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photodetector in the electromagnetic spectra. b) Scheme diagram of the

experimental setup for THz imaging. c,d) Photographs of the refill and metallic scissor and their raster scanning imaging at 0.26 THz. The objects are

revealed in an envelope, which is invisible to the naked eye.

the photo-thermoelectric effect. Unlike conventional THz detec-
tors hampered by the lack of tradeoff between sensitivity, fre-
quency, and speed, our work provides a pioneering solution for
circumventing this difficulty via quantum engineering, where the
novel quantum materials implemented in an exceptionally de-
signed geometry offer a unique advantage in THz detection be-
yond drawbacks imposed by band-structure engineering. Our re-
sults open up a fruitful avenue for research of nontrivial topolog-
ical phenomena in the field of THz photonics, which could meet
the urgent requirements for next-generation communication and
intelligent sensing systems.

4. Experimental Section

Single-Crystal Growth: High-quality ZrGeSe single crystals were grown
by the chemical vapor transport (CVT) method using iodine (1I,) as a trans-
port agent. The intimate mixture of high-purity element powder of Zr, Ge,
Se (1.5 g, 200 meshes), together with 10 mg mL~" iodine, was enclosed
in evacuated silica glass tubes as the precursor for the growth. Then the
silica glass tubes were placed horizontally in the two-zone quartz tube fur-
nace between 950 °C (hot zone, source materials) and 850 °C (cold zone,
sink) for one week. The ZrGeSe single crystals with a typical size of 2 x 2
mm? and shiny surfaces can be found at the cold end of the silica glass
tubes.

Photocurrent Measurements: THz frequency was tuned up to 0.26 THz
(WR 2.8 Tripler) and 0.10 THz (WR 9 Tripler) from the VDI multipliers
connected to a 40-GHz microwave source. The THz output beam was col-
limated by a set of two polymethylpentene (TPX) lenses, resulting in a
500 pum diameter focal beam spot while its amplitude was modulated as a
square wave at 1.1 kHz. The power output was calibrated by a TK100 power
meter. The entire measurement system was built based on a closed-circuit
configuration through the lock-in amplifier technique. The responsivity Ry
was retrieved from I, via the relation Ry = I, /PS,, where P is the out-
put power intensity, and S, is the active detectlon area (S, = A%/4r). For
NEP analysis, the voltage noise spectra were measured using amplifiers
and then digitized with a dynamic signal analyzer-SR785. The optical NEP

Adv. Sci. 2021, 8, 2102088
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is evaluated from the responsivity of the device based on incident power,
rather than absorbed power, which is experimentally and theoretically eval-
uated as v, /R,, where v, is the root mean square of the noise voltage and
R, is the voltage responsivity: R, =r X Ry, ris device resistance. To provide
the lower limit of noise figure, the thermal noise v, was extracted from the
electrical characteristic of the device via v, = v, = (4kgTr) /2, where kg is
Boltzmann constant, T is temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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