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Anisotropic Tetratellurium-Iridium-Nibium terahertz detector
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Abstract: Topological semimetal materials have garnered significant interest due to their distinctive electronic
structures and unique properties. They serve as a foundation for exploring various physical phenomena including
the anomalous Hall effect, topological phase transitions and negative magnetoresistance, while also offering po-
tential solutions to the "THz Gap. " This study focuses on the type-II Weyl semimetal tetratellurium iridium niobi-
um (NbIrTe,) terahertz detector which exhibits a responsivity of 4. 36 A/W, a noise equivalent power of 12. 34
pW/Hz" and an anisotropic resistance ratio of 32 at room temperature. This research paves the way for achieving
high-performance terahertz detection at room temperature and serves as a reference for investigating the Weyl
semimetal.
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Terahertz technology is an advanced research area
that combines electronics and photonics with numerous
applications such as image analysis, rapid imaging, gene
analysis, biosensing, agricultural monitoring and 6G
communications . However, the terahertz frequency
range is often referred to as the "THz Gap" in the electro-
magnetic spectrum due to the absence of efficient room-
temperature terahertz sources and detectors. This pres-
ents a significant challenge in creating terahertz detectors
that are highly responsive, low-noise, sensitive and ener-
gy-efficient. While various types of detectors have been
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low sensitivity and the requirement for low temperatures
remain unresolved.

Topological semimetals are promising materials for
developing high-performance photodetectors, exhibiting
features such as chiral anomalies, nonlinear photores-
ponse, negative magnetoresistance and nonlinear Hall ef-
1820 These materials are categorized into Dirac
semimetals, Weyl semimetals and nodal-line semimetals
(NLS). Dirac semimetals possess remarkable topological
properties with their conduction and valence bands inter-

fects
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secting at the Dirac point near the Fermi level, resulting
in massless carrier-fermions that exhibit linear dispersion
across all momentum directions . Nodal-line semimet-
als, on the other hand, have linearly dispersed band in-
tersections that form closed loops in the Brillouin zone,
showcasing unique quantum properties such as ultra-low
thermal conductivity, exceptional stability, the quantum
Hall effect and giant magnetoresistance .

When inversion symmetry is disrupted, Dirac semi-
metals transition into Weyl semimetals. Weyl semimetals
can be further classified into type-I and type-1I based on
the characteristics of the Weyl cone. Type-II Weyl semi-
metals exhibit significant Berry curvature near their tilted
Weyl cone . Although the existence of type-11 Weyl
points and the unique surface states and Fermi arcs of
NblIrTe, have been confirmed through density functional
theory and angle-resolved photoelectron spectroscopy, re-
ports on high-performance terahertz detectors made from
type-11 Weyl semimetal NbIrTe, are scarce ™.

In this study, the band structure and surface states
of NbIrTe, were analyzed using the first-principles soft-
ware Wannier90. The calculated Weyl point is located
close to the Fermi level which enhances carrier transport
and makes it suitable for developing high-performance
terahertz detectors. Subsequently, a metal-NblrTe,-met-
al field-effect transistor was fabricated using micro-nano
processing techniques and its electrical characteristics
and terahertz photocurrent response were evaluated. The
findings indicate that the NbIrTe,-based terahertz detec-
tor exhibits a wide linear dynamic range and excellent
stability in air. The responsivity at room temperature is
4.36 A/W with a noise equivalent power of approximate-
ly 12. 34 pW/Hz'"”. Even at zero bias, the responsivity re-
mains at 1. 38A/W while the noise equivalent power de-
creases to 4. 65 pW/Hz'"”. Lastly, to investigate the mate-

rial’s anisotropy, an eight-electrode structure was creat-
ed, revealing an anisotropic resistance ratio of 32.

1 First principles calculations
The space group of NblrTe, is Pmn2,. The crystal is

non-centrosymmetric and orthorhombic and its structure
is shown in Figure la, 1b. The lattice constants of this
material are significantly different. The x-axis length is
3.768 A, the y-axis is 12.486 A and the z-axis is
13.077 A. The obvious length difference between the x-
axis and the y-axis gives NblrTe, an in-plane strong an-
isotropy.

The first-principles calculation software Wannier90
was utilized to analyze the NblrTe, material, incorporat-
ing the effects of spin-orbit coupling (SOC). In the ener-
gy band structure diagram presented in Figure 2a, the
tilted Weyl cone of NblrTe, and the Weyl point close to
the Fermi surface are clearly visible, which facilitates
the transition of carrier energy bands under low-frequen-
cy terahertz photon radiation, leading to the generation of
light current. Additionally, an analysis of its energy
band structure with respect to atomic orbital characteris-
tics presented in Figure 2b revealed multiple instances of
energy band inversion between the p orbitals of Te and
the d orbitals of Nb near the I" point, further confirming
the topological nature of NblrTe,. Furthermore, it was
noted that the energy bands near the Fermi surface are
significantly influenced by the 5d orbitals of Nb, the 5p
orbitals of Te and the 5d orbitals of Ir, aligning with the
calculated results of the corresponding partial wave densi-
ty of states. The calculation results for the (001) surface
state of NbIrTe,, illustrated in Figure 2¢, indicate dis-
tinct differences between the bulk and surface states in
certain energy bands . Notably, several key features
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Crystal structure of NbIrTe,. (a), (b) 3D image and xy plane projection of NblrTe,. The blue ones are Te atoms, the green
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were identified: an elliptical hole pocket (labeled BVB)
on the Fermi surface along the I'=X direction, which sig-
nifies the contribution from the bulk material. Addition-
ally, hourglass-like features around I" and eye-like fea-
tures around Y (marked as SS) were observed, with
these shapes primarily contributing to the surface. More-
over, an arc near the elliptical hole pocket corresponds
to the Fermi Arc position (labeled SA) , which evolves
from the Fermi arc state at the Weyl point.

2 Results and discussion

NbIrTe, material comes from Professor Sun Cun-zhi
of Xiamen University. X-ray diffraction (XRD) measure-
ment was performed on NblrTe, material and the results
are shown in Figure 3a. It can be seen that there are very
high peaks and narrow half-wave widths, and there are
almost no impurity peaks indicating that the material has
high crystallinity. In addition, Raman characterization
was performed using a laser confocal Raman spectrome-
ter and the results are shown in Figure 3b. It can be seen
that the vibration peak of the material appears at
193em™, corresponding to the Eg vibration peak.
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The planar antenna captures terahertz photons,
leading to the creation of pseudo-plasma oscillations that
increase the electric field strength at both ends of the ma-
terial. This enhancement facilitates the directional move-
ment of carriers, resulting in the generation of photocur-
rent ™. This study employs FDTD electromagnetic soft-
ware to simulate and optimize a half-wave dipole logarith-
mic periodic antenna. For composite light radiation rang-
ing from 0. 1 to 1 THz, the antenna’s radius ratio is fine-
tuned to achieve the optimal structure. As illustrated in
Figure 4a, the antenna’s channel width measures 4 mm,
which is narrower than the terahertz spot size. Following
optimization, the radius ratio (R /r,) is determined to be
1.76, at which point the antenna structure maximally ab-
sorbs terahertz photons, and the electric field strength at
both ends of the channel is at its peak. Figure 4b depicts
the electrode structure post-metal evaporation.

The detector is constructed as a metal-NblrTe,-met-
al field effect transistor utilizing micro-nano processing
technology to enable better integration of the device, pro-
moting miniaturization and industrial application as illus-
trated in Figure 5a. The primary steps in the process in-
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Fig. 2 Calculated band structure and surface states of NbIrTe,: (a) Band structure of NbIrTe,. The red circles indicate the Weyl points
of the material. The dotted line indicates the Fermi surface; (b) Density of states of NbIrTe,; (¢) Calculated Fermi arc of NbIrTe, on the

(001) surface
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Fig. 3 Characterization of NbIrTe,: (a) XRD characterization of NbIrTe, with high peaks, narrow half-wave width and almost no im-
purity peaks. The inset is a well-grown NblrTe, crystal; (b) Raman characterization of NbIrTe,. The inset is a NbIrTe, crystal photo-

graphed with a microscope.
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Fig. 4 Schematic diagram of the antenna structure of the device: (a) The shape of the logarithmic periodic antenna. (b) The logarith-

mic periodic antenna structure that has been plated with metal
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clude: transferring the NblrTe, material onto a clean sub-
strate using a two-dimensional transfer platform, employ-
ing a laser direct writing tool for photolithography of the
antenna structure, evaporating a metal plating layer at
high temperatures with an electron beam, and using a
stripping solution to eliminate undeveloped photoresist,
thus removing excess metal.

The electrical characteristics of NbIrTe, were evalu-
ated with a Keythley4200A semiconductor parameter tes-
ter. At room temperature electrodes were connected at
both ends using a probe station and voltage was applied
to measure the current flowing through the device. The
resulting /=V curve depicted in Figure 5b is nearly a
straight line through the origin, indicating effective ohm-
ic contact. Figures 5¢ and 5d show the photoresponse of
the NbIrTe, detector at O V and 0. 01 V bias with a tera-
hertz power density of 0. 51969 mW/cm® respectively. At
zero bias, the device exhibits a responsivity of 1. 38 A/W
and a noise equivalent power of approximately 4. 65 pW/
Hz" indicating its capability for self-driving with mini-

mal energy thus enabling ultra-sensitive photodetection
and ultra-low power devices. The device demonstrates a
strong photoresponse at zero bias and when a bias is ap-
plied, the photocurrent increases further. At a bias of
0.01 V, the responsivity rises to 4. 36A/W, with a noise
equivalent power of 12. 34 pW/Hz". The responsivity is
calculated based on the photocurrent, terahertz power
density and the effective area of the device.
Noise Equivalent Power (NEP) is calculated using

v, R+ 200

R, R, ’ M)
where R, is the current response rate, £k, is the Boltzmann
constant, T is the Kelvin temperature, r is the resis-
tance, ¢ is the elementary charge and [, is the bias cur-
rent. V, is the noise current rms, which is mainly ther-
mal Johnson-Nyquist noise (V,) and noise caused by bias
current (V,). Figure 5e clearly illustrates that within a
specific range the laser power and terahertz power densi-
ty exhibit a positive linear correlation. After being ex-

NEP =
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posed to air for a month, the I-V curve was re-evaluated
showing that the device remained stable with negligible
changes in resistance, as illustrated in Figure 5f. The
terahertz photoelectric response detection system consists
of a femtosecond laser, a semiconductor parameter tes-
ter, a BNA crystal, a probe station and a 3D displace-
ment stage, as illustrated in Figure 5g. During measure-
ments the terahertz source is a polychromatic light with 1
THz spectrum width generated by irradiating the BNA
(N-benzyl-2-methyl-4-nitroanilin) organic crystal with
an 800 nm femtosecond laser, with power calibrated us-
ing the THZ-B-DZ series terahertz power meter from Gen-
tec-EO 7.

To investigate the material’s anisotropy, we con-
structed an eight-electrode setup with each electrode po-
sitioned 45 degrees apart, as depicted in Figure 6a. The
average ratio of the maximum resistance to the minimum
resistance (R,_/R..) was calculated to be 32 as shown in
Figure 6b. This observed anisotropy is linked to the low
symmetry of the NblIrTe, crystal structure particularly

min

with the x-axis being significantly smaller than the y-ax-

is. Figure 6¢ compares the performance of detectors
made from various materials and Table 1 provides de-
tailed data. The red five-pointed star indicates our de-
vice, which clearly shows advantages in responsiveness
and noise equivalent power further highlighting the signif-
icant potential of Weyl semimetal materials for terahertz
detection.

When exposed to low-energy terahertz light (in the
meV range) , typical semiconductor materials struggle to
produce significant photocurrent via the photovoltaic or
photoconductivity effects. In contrast, the semi-metal
NblIrTe, is capable of generating a substantial photocur-
rent even without any applied bias. We attribute this re-
sponse primarily to the intra-band transition process and
we have ruled out the possibility of the photothermoelec-
tric effect due to the symmetrical design of the antenna.

As a representative example of a type-1I Weyl semi-
metal, NbIrTe, exhibits an in vitro Weyl cone resulting
from the breaking of inversion symmetry alongside topo-
logically protected surface states. As illustrated in Figure
6d, the pronounced interaction between the tilted Weyl
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Fig. 5 Device measurement results: (a) Schematic diagram of the detector. (b) Electrical characteristics of the device. (¢), (d) Tera-
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change of the device after oxidation in air for one month. (g) Schematic diagram of terahertz photoelectric response test.
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Fig. 6 Anisotropy of the device. (a) Designed eight electrodes, the inset is an enlarged view of the intersection of the electrode and the
material. (b) Resistance values measured at every 45-degree angle, the maximum resistance ratio reaches 32. (c¢) Comparison of re-
sponsivity and noise equivalent power with other detectors. The abscissa is displayed using log10 logarithmic coordinates. (d) Schemat-

ic diagram of photocurrent generation of NblrTe,.
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Table 1 Performance Comparison of the Reported 2D
Materials Terahertz Detectors at Room Temper-

ature
&1 CSRENZEMBAHEZRNEEEE THERE
Materials TH RJA-W™  NEP/HW-Hz'?
NbIrTe,(This work) 0.3 4.36 12.34
CoTe, ! 0.3 0.1 1
PiTe, ! 0.12 1.6 10
PdTe, " 0.12 10 2
MuBi,Te, **’ 0.275 0.74 13
NblrTe, * 0.1 117.99 10
Bi,Te, " 0. 022 2000 0. 0075
Bi,Se, ™ 0.12 75 0. 36
CdAs,™ 0.3 0.04 430
EuSn,As, *' 0.3 1.6 30
Graphene ! 0.33 0.15 51
Black Phosphorus “? 0. 12 0. 04 58

cone of the semi-metallic NblrTe, and terahertz waves
leads to the breaking of inversion symmetry by spin-mo-
mentum-locked surface charge carriers, which in turn in-
duces asymmetric oblique scattering. This phenomenon
results in external excitations characterized by varying
chirality. The non-equilibrium charge carriers at the Er
point are elevated to higher energy states, prompting al-
terations in the charge distribution function. The pres-
ence of an electromagnetic field near the electrode com-
bined with the broken inversion symmetry facilitates the
escape of a limited number of charge carriers from the
metal-material interface, thereby generating a non-zero
photocurrent ¢/
to the device, the non-equilibrium carriers, which are
generated by the strong local field produced by the oscil-
lating electromagnetic field are accelerated and directed
along the channel leading to a significant enhancement of
the photocurrent.

. Upon the application of a bias voltage
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3 Conclusion

This study employs first-principles calculations to
derive the energy band structure and surface states of
NbIrTe,. It utilizes mechanical exfoliation to fabricate
layered materials of NblrTe,, subsequently developing
NblIrTe,-based field-effect transistors through micro-nano
processing techniques and evaluates the electrical proper-
ties of the device. The terahertz photoelectric responses
were systematically tested and analyzed. The findings in-
dicate that the detector based on the Weyl semimetal
NblIrTe, exhibits a pronounced optical response to tera-
hertz radiation, achieving a responsivity of 4.36 A/W
and an equivalent noise power of approximately 12.34
pW/Hz'"”. Notably, the device maintains a terahertz re-
sponse of 1. 38 A/W even in the absence of bias. The re-
sults of this research suggest that the NblrTe, terahertz
photodetector holds significant potential for applications
in terahertz detection and photoelectric signal conver-
sion.
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