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Effective detection is critical for terahertz applications, yet it remains hindered
by the unclear mechanisms that necessitate a deeper understanding of pho-
tosensitive materials with exotic physical phenomena. Here, we investigate the
terahertz detection capabilities of the two-dimensional antiferromagnetic
semimetal NbFeTe,. Our study reveals that the interaction between anti-
ferromagnetic magnetic moments and electron spin induces disordered car-
riers to hop between localized states, resulting in a nonlinear increase in
responsivity as temperature decreases. We integrate asymmetric electrodes to
generate a sufficient Seebeck potential, enabling carriers to overcome the
barrier of localized states and achieve reordering at room temperature.
Additionally, the self-powered performance of the NbFeTe,/graphene het-
erojunction is optimized by the built-in electric field, achieving peak respon-
sivity of 220 VW and noise equivalent power of <20 pW Hz"2. These results
shed light on the potential of antiferromagnetic semimetals in large-area, high-
speed imaging applications, marking a significant advancement in terahertz
photonics.

Photodetectors play a pivotal role in modern communication and
sensing systems that have become ubiquitous in our daily life. The
raising interests in terahertz (THz) wave (loosely defined within the
frequency from 0.1THz to 10 THz) necessitates the progressive
development of groundbreaking photodetection systems for a vast
range of applications, such as bioassays, remote sensing, high-speed
communication, and many others'*. Although commercially available

technologies exist for this particular photon-energy range, they suffer
from considerable drawbacks imposed by cryogenic operation, high
manufacturing costs, and difficult to integrate>°. These key priorities
have prompted a major surge in interdisciplinary research within the
material science and optoelectronic communities over the last decade,
encompassing investigations into various physical mechanisms and a
large variety of material systems that provide ad-hoc properties for the
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expected functionalities. As a consequence, 2D materials stand out
conspicuously from conventional semiconductors in terms of fasci-
nating optoelectronic properties, compatibility with flexible electro-
nics, and amenable to hybridization with other materials, which have
been capitalized upon for photodetection with breakthroughs in sen-
sitivity, optical response speed, array size, dynamic range, and other
indicators”®. Therefore, leveraging the unique properties of 2D mate-
rials and various light-induced effects provides an efficient strategy for
device implementation. In this context, a wealth of room-temperature
detection technologies have been proposed using semimetals, such as
Dirac semimetal graphene, Weyl semimetals NbIrTe,, and other gap-
ped ones’ ™. These materials provide ultra-high electron mobility and
high-resolution imaging capabilities in the THz band due to their lin-
early dispersive, topologically protected energy band in the vicinity of
the Dirac point.

On the other hand, a variety of antiferromagnetic functional devi-
ces, composed of ferromagnetic-antiferromagnetic heterojunction>?,
heavy-metal-oxide or Mn-based insulating bulk crystals'¢, allow for the
coherent manipulation of ultrafast spin exchange-dynamics. Compared
to ferromagnetic counterparts, these devices excel as field-free THz
emitters and in harnessing spin-to-charge current conversion through
inverse spin Hall effect”. This spin-charge interconversion makes anti-
ferromagnets an appealing choice for the generation, detection, and
modulation of coherent THz signals'*°. Although a few reports suggest
that antiferromagnetic systems can serve as auxiliary pinning layers in
spintronic devices or for magnetic information storage, whose use as
photosensitive material directly manipulated by low-energy THz pho-
tons remains elusive?.

Intercalation doping of Fe elements in NbTe, (Fig. 1a) produces
intra-layer ferromagnetism and inter-layer antiferromagnetism (A-
type) antiferromagnetism (Fig. 1b) for NbFeTe, (NFT) with negligible
bandgap?. The particular magnetic moments and electron spin inter-
actions in NFT (Fig. 1c—f) result in the Anderson localization, which
bind the free transport of carriers between the lattices. Meanwhile, the
hopping mechanism provides a versatile platform for carriers to
overcoming the potential barrier of localized states within the atom-
ically thin semimetal layer through thermal or quantum activation®. It
is noteworthy that, unlike localized states artificially introduced
through defects or photolithography, the intrinsic localization in NFTs
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Fig. 1| Schematic diagram of the antiferromagnetism-induced disorder and
pertinent localized transport. a The atomic arrangement of NbFeTe, (NFT). b The
magnetic moment distribution within the NFT. ¢ Due to the differing spin direc-
tions of electrons between the spin lattices of neighboring antiferromagnetic
(AFM) phases, the phenomenon of magnetic moment flipping is more likely to
occur during carrier transport. d This leads to the local formation of magnetic
domains caused by magnetic moment disorder, e which in turn localizes carrier

—arising from the interaction between antiferromagnetic magnetic
moments and electron spin—offers a more direct approach for
studying the behavior of nonequilibrium carriers hopping between
localized states via THz detection™.

In this study, we describe a THz detector strategy tailored for
diverse application scenarios, leveraging the hopping mechanism
observed in NFT single crystals synthesized via a chemical vapor
transport (CVT) method. Our investigation combines theoretical cal-
culations with angle resolved photoemission spectroscopy (ARPES)
results to uncover the presence of carrier localization in NFT, which is
attributed to the interaction between antiferromagnetic magnetic
moments and spin. We develop a physical model to describe this
localization, with the resulting carrier hopping behavior in the 77-200 K
range, as fitted from the o-T curve, governing the distinctive non-linear
increase in responsivity with decreasing temperature. Moreover, by
mitigating the confinement of localized states on carriers through the
Seebeck potential difference induced by asymmetric THz radiation
coupling, we demonstrate an enhancement in room temperature
responsivity from 0.8 VW™ - 2.1V W' in self-powered states. The built-in
electric field in the NFT/graphene heterojunction further optimizes self-
powered performance, achieving a peak responsivity of -1.4 kv W?*
around 225 K, with a noise equivalent power (VEP) of <20 pW Hz"? and a
response time of ~0.9 ps. These results pave the way for the engineering
of photodetection mechanisms that offer superior sensitivity and
speed, thus opening new avenues for the practical exploration of 2D
antiferromagnetic materials and the microscopic correlation mechan-
isms essential for targeted applications.

Results

Localized behaviour of carriers in the NbFeTe,

A series of characterization results including Raman, X-ray Diffraction
(XRD), Energy Dispersive Spectroscopy (EDS), High-angle annular
dark-field (HAADF) imaging are presented in Supplementary Note 1 to
confirm the high crystalline quality of NFT for subsequent experi-
ments. In Fig. 2a, we plot the surface band structure along the X-I-X
direction, probed by ARPES using photon energy hv=21.2eV. The
corresponding curvature and energy distribution curve (EDC)
are shown in Fig. 2b, c, respectively. Two flatter energy bands, which
are located 0.5eV (a) and 1.5eV (B) below the Fermi energy level are
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transport. Here, the energy expended U is proportional to the motion trajectory
length [. f Schematic representation of the physical model for carrier localization
due to magnetic domains. Modeling of two transport mechanisms for generating
photocarriers from localized states: g radiative-induced conductance change and
(h) the self-powered photocurrent associated with Seebeck potential difference
(VV(x)) induced thermal-activation transport under asymmetrical condition.

Nature Communications | (2025)16:25


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55426-0

B 00 3 O ] . —
~ ~ J < _—————— ——
2 > .-
>-05 2051 a LG =—=
c c ==
© -1.04 O -1.04 R E—————
jo2 o) < |
= = 2 BeYeerer—
T 1.5+ S -1.54 B C sV
£ =
m L] v L] v L] v L] v L] m L] v L] v T v T v T L] v L] v L] v L] v L]
06 -0.3 00 0.3 0.6 06 -0.3 00 0.3 06 06 -0.3 0.0 03 06
-1 -1 -1
k, (A k, (A k, (A
d f
Fe-3d
—o— Nb-4d
Skl e T Te-5p 355}
Ww X 350}
U
2: L L L 345- A A A i i
5 10 15 77 150 200 250 300
PDOS (eV) T (K)
g h
[ [ Nb
2t - 55!
-(% [ [ & T
S F 77-130 K [ 100-200 K
- VRH - NNH D
St i 4pb
[ L A L A [ adoa o L 2 1 2 1 2 3d4
4 5 6 72 4 6 8101214 —_— 5s2
4s2

T (K'®) 1000/T K™

Fig. 2 | Evidence for the existence of localized states in NbFeTe, and the hop-
ping transport. The angle resolved photoemission spectroscopy (ARPES) results,
including (a) photoemission intensity, (b) curvature, and (c) energy distribution

curve (EDC) along the X-T-X direction, reveal two distinct and flatter energy bands,
labeled as a and B. d The results of the energy band calculations closely coincide
with the ARPES data. e The projected density of states (PDOS) results near the Fermi

level. f Resistance hardly changes near 300 K, and the temperature coefficient of
resistance (TCR) ~—0.04 % K is derived. g The linear relationship between Inc and
T, as well as the linear relationship between Inc and 1/T, can be considered as
evidence for the existence of variable range hopping (VRH) and the nearest
neighbor hopping (NNH), respectively. h The calculations of the charge density
difference (CDD) reveal the transfer of electrons from Nb to Fe and Te atoms.

clearly identified, and in alignment with the theoretical predictions in
Fig. 2d. The procedure for calculating the energy band is detailed in the
Method section. In addition, from the Fermi surface in Supplementary
Fig. S2c, a large Fermi pocket enclosed by the energy bands and the
Fermi surface is observed in the photoemission intensity, representing
large carrier effective mass® . All these flatter features of energy
bands offer clear evidences for the existence of localized states®”.
The projected density of states (PDOS) map in Fig. 2e reveals that the
density of states near the Fermi level (indicated by the dashed line) is
predominantly contributed by the Fe-3d orbitals. It suggests that the

formation of relatively flat bands « and (3 is closely associated with the
role of Fe atoms.

On the other hand, both ARPES measurement and energy band
calculations indicate that the Fermi- levels cut through filledbands,
endowed with the semimetallic nature. However, the increased resis-
tance with decreasing temperature shown in Fig. 2f contradicts typical
metallic characteristics observed in graphene or other semimetals®",
Notably, the resistance of NFT nearly stabilizes around 300 K, resem-
bling the behavior of an insulator in a disordered system, as described
by the Mooij criterion®. Furthermore, cryogenic carrier transport
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experiments clearly indicate the variable range hopping (VRH) and the
nearest neighbor hopping (NNH) following the Mott’s hopping theory
as shown in Fig. 2g. This provides additional evidence of magnetic-
domain disorder induced localization****. Indeed, while most cases of
localization in disordered systems result from impurities or defects,
such factors were not detected in the scanning transmission electron
microscopy (STEM) images or other characterization results (see
Supplementary Note 1).

To better understand the mechanism of localization in NFT, the
charge density difference (CDD) and the electron transfer process in
respect to the Fermi energy as illustrated in Supplementary Fig. 2d are
calculated following the density-functional-theory (DFT) calculation.
The calculations in Supplementary Table 1 provide direct evidence that
the reconstruction of NFT is the most stable in form of the intra-layer
ferromagnetic and inter-layer antiferromagnetic magnetic moment
arrangement. Additionally, it indicates that the charges are primarily
transferred to Fe atoms that contribute most to the magnetic prop-
erties, as depicted in Fig. 2h and Supplementary Note 2.

Following the above results, the pictures of carrier transport
between spin lattices can be established, as depicted in Fig. 1c-e. When
the electrons transition between spin lattices of neighboring anti-
ferromagnetic phases, their spins in opposite directions may alter the
orientation of magnetic moments at the initial position, leading to the
formation of magnetic domains from locally disordered arrangements
of magnetic moments®.

At this juncture, the energy expended U, during the movement
of the hole is directly proportional to the length of its trajectory [. In
brief, this localization in NFT caused by the disorder of the magnetic
moments, disrupts the periodic arrangement of magnetic moments,
causing the Bloch function of electrons to decay exponentially in
space, which inherently poses a significant obstacle to carrier transport
(Fig. 1f). Thus, by stark contrast with perforated disorder by destroying
material with impurities or doping, it adds a modifiable parameter for
endowing the electronic hopping with functionalities under external
stimuli.

Interplay between hopping and bolometric photocurrent
response in symmetric bow-tie detectors

To unveil the effect of the hopping-transport mechanism on THz
detection, we integrate the highly symmetric bow-tie antenna struc-
ture as shown in Fig.3a, which increases the coupling strength of THz
radiation to provide a direct gateway to manipulate the hopping
transport of charges in the channel region, and minimizes the struc-
tural imperfection effect as well such as the inhomogeneity of the field
strength or locally built-in potential as much as possible.

The temperature coefficient of resistance (TCR) in Fig.2f is gov-
erned by the formula TCR=(dR/dT)/R,, which could reach about
-0.04% K, and this value is typically smaller than both the metallic and
semiconducting bolometers®. It is noteworthy that the NFT possesses
anegligible bandgap, whereas the existence of localized states derived
either from magnetic interaction or disorder, allowing for the domi-
nated semiconductor-like TCR without physical etching or chemical
treatment externally®*. The NNH and VRH at different temperature
ranges, along with the semi-metallic background conductance, are
beneficial for intraband absorption of low-energy photons and the
nonequilibrium relaxation among trapped and free carriers.

Here, we explore the feasibility of manipulating the motion of
charges under strike by THz electric field and identify the role of
hopping transport in antiferromagnetic semimetal for the subsequent
detection process. Notably, as delineated in Fig. 3b, the THz radiation
thermalizes the electron system, depositing the energy of thermal
activation at low bath temperatures for overcoming potential barriers,
as a result, the NNH and the resistance reduction can take place.

We initially identify the optimal response at the frequency near
0.11 THz within the 0.08-0.12 THz range as shown in Fig. 3c, and the

spectrum response as well as the optimal frequency-point stay
unchanged at different temperatures except the fluctuation in mag-
nitude. By decreasing the temperature, the photocurrent grows up
evidently when the NFT turns into the hopping-transport regime at
temperatures lower than 200K, in well-accordance with the trend of
resistance change as shown in Fig. 2f. This anomaly is attributable to
the improved mobility of the freely-motion carrier at lower tempera-
tures and coupled hopping between thermalized and trapped carriers.
In the meantime, the photocurrent grows up linearly under different
biases in Fig. 3d, conforming well with the bolometric mechanism of
our device”®,

To show the radiation-heating induced change of transport con-
ductance, Fig. 3e provides direct evidence of the resistance reduction
AR measured at different temperatures under the same THz radiation.
Benefiting from the participation of hopping transport, the AR
increases by nearly three times even though NFT is semimetal and
hosts a large static background conductance. Figure 3f depicts how the
photocurrent changes under the On-Off Keying (OOK) of THz light
with the modulation frequency range of 1-30 kHz, providing direct
evidence for the fast-switching properties of the bolometric detector.
The photocurrent (/,,/l) is normalized at each temperature to
underscore the exact location of the 3 dB bandwidth as indicated in the
inset, representing an order of magnitude faster than traditional
bolometric ones®.

The photocurrent in the main panel of Fig. 3f at different OOK
modulations is growing up at lower temperatures, while the corre-
sponding normalized-photocurrent curves in the inset are practically
overlapped, substantiating the 3 dB bandwidth >10 kHz and indepen-
dent of temperature change. In this regard, the speed of our bolo-
metric device is rivalled with other ones such as phase-change*’, or
disorder-enabled bolometers*. A possible explanation of the
temperature-independent speed is that the NFT is dominated by the
portion of transport conductance contributed from freely moving-
type electrons due to its gapless nature.

The waveform plots in Fig. 3g further validate the stability of the
device when operating at various temperatures. Due to the suppres-
sion of thermal-agitation noise and phonon-scattering at lower tem-
peratures, the response is becoming smoother. Furthermore, the
temperature dependent responsivity at different bias voltages in
Fig. 3h also verifies that hopping transport (<200 K) contributes sig-
nificantly to the improvement of responsivity, in coincidence with the
resistance-temperature behaviour. Nonetheless, as depicted in Sup-
plementary Fig. S4a, when the temperature is below 200K, the
responsivity exhibits a linear relationship with InT, resembling the
hopping transport after the THz illumination. Following the above
trend, the VRH would predominate in NFT at temperatures below 77 K
in the absence of THz photon excitation. Even though an additional
hopping mechanism may result from magnetic interaction such as
spin-glass state in NFT at lower temperatures, it can be speculated that
the responsivity R, of the detector can be increased by nearly an order
of magnitude (22 VW*) compared with room temperature (2.5 V W?) at
low bias voltages (Fig. 3i).

Here, the responsivity is conservatively given by taking into
account the diffraction-limit area S= (when $>>S,, and S, represents
the active area of our device) following the relation:
R,=UppxR)/ (P’ xS). Therefore, the Anderson localization of NFT with
Mooij criterion, in along with the interplay between localized states
and thermal-activation ones under THz illumination, constitute
essential factors of superior bolometric performance in terms of sen-
sitivity and response time.

“Reordered” transport in asymmetric split-ring detectors
induced by thermal-activation at room temperature

While the hopping model described above shows great potential for
THz detection at low temperatures, carriers are unfortunately still
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Fig. 3 | Evidence for the presence of hopping and bolometric effects. (sym-
metric bow-tie devices) a Conceptual view of the THz detector integrated with a
bow-tie antenna based on NFT. b The physical models of carriers hopping which
could switch between variable range hopping (VRH) and the nearest neighbor
hopping (NNH) under THz radiation. ¢ The spectrum response of bolometric
device as assisted by the butterfly antenna. d The linear voltage-dependence of
bolometric response due to the radiation-heating induced conductance change.

e The derived resistance change at different temperatures following the on/off
modulated THz radiation at 0.11 THz. f The extracted response at different tem-
peratures with 3 dB electrical bandwidth is shown in the inset. g The pulsed
response of photocurrent at different temperatures exhibits an improved signal-to-
noise ratio taken at hopping-transport regime. h The responsivity versus tem-
perature at different bias voltage and validation of THz-field induced thermal
activation transport in (i).

trapped in localized states around 300 K as shown in Fig.1f. This lim-
itation significantly hinders the performance of room-temperature
THz detection in the NFT bolometer. Here, we propose a strategy to
enhance the performance of room-temperature THz detection by
selectively manipulating the motion of nonequilibrium carriers.
Accordingly, a resonant split-ring antenna with asymmetric capacitive
coupling in Fig. 4a, is optimized in terms of electrical connection uti-
lizing the finite difference time domain (FDTD) method, producing
non-uniform distribution of localized THz field across the channel. We
optimize the size, angle, channel length, and other parameters of split-
ring antenna to achieve a peak coupling strength (E/Eo) of ~150 which is
close to the bow-tie antenna, as illustrated in Supplementary Note 3.
More clearly, Fig. 4b reveals that the structure can capture the elec-
tromagnetic waves in the channel, improving the light absorption and
thermal-activation transport in NFT. Strong localized THz-field emer-
ges around the edges of the two contacts manifesting an obvious
difference in strength by five times (inset). On the other hand, the
atomic force microscope images in Supplementary Fig. S1h corrobo-
rate the homogeneity of the material, indicating that the extrinsic
imperfections can be ignored. Due to the asymmetrical coupling, the

thermal-activated carriers can be reordered as presented in Fig. 1h, so
that the photocurrent can be generated in a self-powered fashion. As a
consequence, the voltage variation AV(x) traverses across the channel
phenomenologically following the scheme of AV(x)= — S(x) - VT(x),
as shown in Fig. 4c. Besides, it can be grown up and switched into
bolometric photocurrent under a bias voltage. Thus, the Anderson
localization in NFT with resistivity near Mooij limit holds appealing
features in absorbing and detecting high-frequency signals. The pho-
tocurrent exhibits good linear-dependent behaviour when sweeping
the input power P;, from O to 35 uW (Supplementary Fig. S4b), holding
the dynamic range over 20 dB. In the meantime, the device also exhi-
bits superior polarization selectivity as described in Supplementary
Fig. S4c. At different frequency bands, the variation of photocurrent
can be qualitatively explained as the selective excitation of electro-
magnetic coupling strength in sub-wavelength structure as shown in
Fig. 4d*>*, apparently different from highly magnetic-field dependent
sub-terahertz magnons in antiferromagnetic insulators®**. While the
direction of the photocurrent is independent of photon-frequency,
and the pulsed response in Fig. 4e indicates a better signal-to-noise
ratio and a stable duty cycle compared with that in Fig. 3g.
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Fig. 4 | Optical response of asymmetric structure NbFeTe,-based photo-
detector at room temperature. (asymmetric split-ring devices) a The designed
sub-wavelength structure of reordered device, and the channel part is outlined by a
white dashed line in along with (b) the simulated THz-field profile. The inset depicts
the coupling strength distribution at the position of the yellow dashed line. ¢ The
non-uniform distribution of the localized THz field in the channel generates a
potential difference, supplying carriers with the necessary energy to escape from

their localized states. d The photocurrent across various frequency bands. e Optical
response waveforms at different frequencies captured by an oscilloscope. f The
zero-bias waveform demonstrates a response time of 7.7 ps and a recovery time of
13.7 ps. g The bias voltage dependent responsivity, showing linear growth at dif-
ferent frequencies. h The comparison of responsivity between symmetric bow-tie
devices and asymmetric split-ring devices. i Scanned THz imaging results clearly
reveal the profile of metallic fingers at 0.29 THz.

In the meantime, the response time, defined as the time required
for photocurrent rising from 10% - 90% or recovering from 90% to 10%
within a single period of radiation, is readable from Fig. 4f, showing a
rise time of 7.7 us and a fall time of 13.7 ps, which is obviously faster
than that of a typical bolometric device. Under the self-powered zero
bias operation, the responsivity of the device is 9 VW at 0.08 THz,
2VW* at 0.11THz, and 0.8 VW at 0.29 THz (Fig. 4g), respectively.
Moreover, when a small bias voltage (-100 mV) is traversing across the
channel, the thermal-activated hot carriers are accelerated by the
external electric field, leading to prominent linear growth of the
responsivity (12 kV W' at 0.29 THz) of the device, in well-accordance
with the result of Fig. 3. When comparing room-temperature THz
detection performance (Fig. 4h), the reordered carriers demonstrate
significantly improved transport ability compared to the disordered
regime, resulting in a higher THz responsivity. This verifies the feasi-
bility of the scheme for reordering carrier transport by the Seebeck
potential. These extraordinary phenomena prompt our attestation to

the steady status of the device under a bias voltage. As shown in
Supplementary Fig. S4d, the time-resolved photocurrent response
with different bias voltages is recorded through high-speed oscillo-
scope, from which it is unambiguously that all the waveforms are well-
preserved except the growing up in amplitude at different voltages.
Besides, there is no significant decay of the optical response recorded
by the source meter after 1 month exposure to the ambient environ-
ment in Supplementary Fig. S4e, allowing for the high-resolution
imaging at 0.29 THz in Fig. 4i.

Heterojunction detectors for performance enhancement in the
self-powered state

Unlike the antiferromagnetic insulator or other bulk forms, the com-
patibility with other materials as well as localization behaviour, opens
up avenues for exploring intriguing photodetection routes. Next, a van
der Waals integration of NFT and graphene is envisioned to be an
alternative strategy to build up a highly-efficient THz light harvester,
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Fig. 5 | Photoresponse of the NFT/graphene heterojunction device. a Process
flow for preparing a heterojunction device. The overall resistance is composed of
three parts: graphene (R,,), junction (Rj) and NFT (Ry,r). b The total resistance is
dominated by the graphene part, interfacial junction-resistance and NFT part by
decreasing temperatures, and reaches its minimum at 220 K when the interfacial
barrier is reduced for thermal-activation transport. ¢ The THz photoresponse of the
heterojunction measured at different temperatures, and the corresponding pulsed

response is shown in (d). e Response speed in self-powered mode of the hetero-
junction device. f The temperature dependent responsivity exhibits hopping-
strengthened behaviour under bias. g The noise equivalent power (NEP) of het-
erojunction can be as low as 20 pW Hz"?, competitive with other types of devices
reported in this work. h Imaging results validate the excellent signal-to-noise ratio
of the heterojunction.

facilitating the thermal-activation transport of weak-localization states.
The incorporation of graphene optimizes the quality of the interfacial
ohmic contacts**, and not only provides the heterointerface aiding the
separation of thermal-activated carriers, but also promotes the
responsivity without jeopardizing broadband ability. Notably, to pre-
vent carrier localization interruptions induced by Seebeck potential
changes, we employ the same bow-tie antenna mentioned above to
compare the performance between NFT bolometer and NFT/graphene
heterojunctions.

We conduct a 180°C, 2 h annealing treatment on the hetero-
junction device in Ar environment before encapsulating it in the dewar
to achieve an excellent heterointerface. The process-flow diagram of
the hetero-junction device is depicted in Fig. 5a (see also details in the
Methods section), and the linear current-voltage character of the
hetero-junction with a resistance of 1220 Q is survived as shown in
Supplementary Fig. S5a, indicating that the two materials form a high-
quality interfacial contact. Here, the device hosts distinctive

temperature-dependent “phase-transition” behaviour similar to the
previously mentioned device based on phase-transition materials®.

It can be distinguished from Fig. 5b that the resistance R, is
dominated by the graphene part at temperatures above 225K, below
which the junction resistance R; and hopping-transport resistance
Ryrr dominates. Meanwhile, due to the difference in Fermi-levels, as
well as the different photon absorption from segregated parts of
materials in the junction area, thermal-activation nonequilibrium car-
riers are generated and accelerated by the build-in field in terms of
intra-band transport as shown in the inset of Fig. 5b. The spectrum
response of photocurrent from 0.283 - 0.297 THz is shown in Fig. 5¢
and is compared with the asymmetric bow-tie device in Supplementary
Fig. S6. A significant growth of photoresponse resembles the “phase-
transition” which is identified at 225K when the interface transport
dominates the photocurrent. The self-powered photoresponse pos-
sesses advantages with speed an order of magnitude faster than both
asymmetric structure and bolometric ones (Fig. 5e) and the
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responsivity reaches up to 220 VW near 225K at 0.29 THz. Detailed
comparisons of the performance of the three devices described above
are provided in Supplementary Notes 5.

When the bias-voltage is traversing across the channel, the tem-
perature dependent photo-response exhibits hopping-strengthen
behaviour with responsivity >1.4 kV W' in Fig. 5f, while a stable linear
relationship between /,, and bias-voltage persists (Supplementary
Fig. S5b). The noise components which are composed of 1/f noise
generated by the presence of surface defects, thermal noise (v;) due
to carrier perturbation and shot noise (v;) resulted from carrier
crossing the potential barrier in the system, are initially extracted
by measuring the noise voltage spectral density (v,). Since the 1/f
noise only dominates at lower modulation frequencies (<1 kHz), and
the device in this work can operate stably at modulation frequencies
above 5kHz, at which point the 1/f noise can be ignored. Subse-
quently, the noise equivalent power (NVEP) for asymmetric structure
and heterojunction devices are determined as 540 pW Hz'?
and 20 pW Hz*? in Fig. 5g, respectively. The NEP obtained through
equation NEP = {(uf +u§)1/2} /R, = 4k Tr+2qldr2]l/2
mative. Correspondingly, the calculated results (338 pW Hz"* and
13 pW Hz"?) are comparable to the experimental results. The pre-
dominantly low NEP further substantiates the role of heterogeneous
architecture in suppressing defects diffusion and carrier recombina-
tion, and among other factors, creating a conducive environment for
carrier hopping. To validate the benefits in improving the signal-to-
noise ratio (SNR), Fig. 5h displays the scanned transmission imaging of
a metallic ring placed at the focal plane, and the signal is recorded in
photocurrent configuration while keeping zero bias-voltage for the
hetero-junction devices. It can be seen that the hollow shape of the
metallic ring is clearly resolved with sharp edge contrast, and noise in
the opaque region is clearly suppressed with SNR~1000. Detailed
performance specifications of common THz detectors are compared
in Supplementary Table 2 and Fig. S11. Our devices have considerable
benefits over THz detectors based on the vast majority of 2D and
conventional semiconductor materials, and they are prospective to
achieve further optimisation through improved circuit integration and
arrayed designs.

/R, is also infor-
-1/2

Discussion

This study emphasizes the localization characteristics in 2D anti-
ferromagnetic materials, revealing the intrinsic properties of charge
excitation carriers hopping, which can be effectively utilized in cryo-
genic THz detection, extending beyond the spin degree of freedom. We
specifically present the flat band characteristics linked to localization in
the antiferromagnetic semimetal NFT, supported by theoretical calcu-
lations and ARPES findings. In this system, localization, driven by the
interaction between antiferromagnetic moments and electron spins,
allows carriers to hop between localized states via NNH or VRH*
mechanisms within the 77-200 K temperature range, resulting in a
nonlinear increase in THz responsivity as the temperature decreases. At
room temperature, the confinement of carriers within localized states
can be mitigated by introducing a Seebeck potential difference through
an asymmetric structure, leading to nearly three orders of magnitude
increase in device responsivity under a 100 mV bias. Additionally, the
built-in electric field of the NFT/graphene heterojunction is employed
to enhance self-powered operation, achieving a peak responsivity of
220 VW!around 225K, with a NEP of <20 pW Hz"2 and a response time
of 0.9 ps. These findings offer a direct pathway for addressing targeted
applications in the field of THz science and technology.

Methods

Material growth
As described in Supplementary Fig. Sla, Nb (99.99%), Fe (99.99%), and
Te (99.99%) are mixed in a molar ratio of 1:1:2 and sealed in a quartz

tube measuring 16 mm in diameter and 150 mm in length. Additionally,
10 mg of iodine is used as transport agent. Subsequently, the quartz
tube, sealed under a vacuum level of 10° Torr by the oxygen/hydrogen
welding torch, is placed in a dual-temperature tube furnace. Afterward,
the quartz tube needs to be heated to 850/750 °C for 10 days to ensure
high crystalline quality. The NFT single crystals are then retrieved from
the quartz tube after cooling to room temperature naturally.

The calculation of energy band

The bulk structure relaxation, band structure, and PDOS are per-
formed by first-principal calculations on the ground of DFT. The
exchange-correlation potential is approximated by generalized gra-
dient approximation (GGA). The k-point sampling (4 x 4 x 5) is used for
the Brillouin zone in the reciprocal space, and the k-point mesh is
generated by Monkhorst-Pack scheme. The energy cutoff is set as
400 eV, and the convergence criterion of self-consistent calculations is
10*eV for total energy values. All atomic positions and unit cells are
optimized until the atomic forces are <102eV A’

Device fabrication

The fabrication process of the heterojunction device is illustrated in
Fig. 5a. NFT and graphene, as 2D materials, rely on weak vdW forces
between layers, allowing for the acquisition of high-quality, thin layers
through mechanical exfoliation. Due to the thickness of NFT and gra-
phene, priority is given to transferring graphene first. After mechani-
cally exfoliating graphene onto blue tape (Shanghai Onway
Technology Co., Ltd.)), it is directly attached to a high-resistance sili-
con wafer (>10,000 Q-cm), a standard method for obtaining thin gra-
phene layers. However, NFT requires targeted transfer using
polydimethylsiloxane to form precise heterogeneous contacts with
graphene. Following material stacking, electrode patterns are etched
via electron beam lithography. Subsequently, Cr/Au in contact with the
material is deposited via electron beam vapor deposition. Finally, to
minimize the impact of impurities introduced by the above process on
the experimental results, the devices are annealed in an argon envir-
onment at 180°C for 2h to further ensure the cleanliness of the
material contact interface.

Photoresponse characterization and performance validation
The Agilent E8257D microwave source, in combination with the VDI
multiplier link, generates optical radiation in the frequency ranges of
0.08-0.12 THz ImW cm?) and 0.24-0.3 THz (I1mWcm?), used for
stimulating the optical response of devices. Source meter Agilent 2912
and oscilloscopes can be used to immediately monitor changes in
current and voltage when turning on and off THz radiation. The weak
THz signals are amplified by a preamplifier SR570 in connected to a
lock-in amplifier SR830. In the meantime, the modulated signal con-
trolling the ON/OFF switching of THz radiation is also sent into lock-in
amplifier as the external reference signal to effectively suppress
background noise, as shown in Supplementary Fig. S9. Since our
device is much smaller than the wavelength of incident radiation, the
voltage responsivity is then determined by using the relation
R, =(Ip,,*R)/(P**S,1), where S, =/12/4* is the diffraction-limited area
(since the antenna area is <S;) and P is the power-flux density.

To test the temperature-dependent behaviour of the NFT-based
device, the devices are liquid-cryogenic cooling with a glass window
placed at the front of the device. The responsivity is also calculated
conservatively without taking into account the loss of THz power
delivered across the window. An associated temperature control sys-
tem is in charge of maintaining the temperature of the chamber within
a narrow range of +0.5K to ensure the accuracy of the experiments.

Terahertz imaging system
In Supplementary Fig. S10, the THz imaging system composed of a THz
source, off-axis parabolic mirrors, lock-in amplifiers, and electromotive
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translation stage is depicted. These components synergistically focus
and direct the terahertz radiation onto both the imaging object and the
detector. The off-axis parabolic mirrors are key components for effec-
tive collimation and focusing of the radiation. A diaphragm is employed
to pinpoint the spot position and shield against stray light. The imaging
object, measuring 3 x 3 cm, is segmented into a grid of 100 x 100 pixels
and positioned on the translation stage. In the scanning process, this
stage moves incrementally by 0.3 mm to facilitate point-by-point ima-
ging. The detector captures the photocurrent resulting from the THz
transmission through the object. This current is then amplified, recor-
ded, and analysed by lock-in amplifiers and backend software, respec-
tively, allowing us to reconstruct the metal object’s morphology based
on the photocurrent distribution.

Data availability

The data generated in this study are available in the Supplementary
Information/Source Data File. Source data are provided with
this paper.
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