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Excitonic insulator powers room-temperature ultra-
sensitive visible to terahertz detection
Yi Wu1,2, Wenjie Deng 1✉ and Yongzhe Zhang 1✉

Abstract
Phase transitions induce significant changes in the electrical and photonic properties of materials. Ultra-sensitive
photodetectors leveraging material phase transitions can be realized near the transition temperature. Photodetectors
based on Ta2NiSe5, a room-temperature excitonic insulator phase transition material, exhibit exceptional performance
from visible to terahertz frequencies. Specifically, in the terahertz range, the electronic bandwidth is 360 kHz, and the
specific detectivity (D*) reaches 5.3 × 1011 cm·Hz1/2·W−1. The van der Waals heterostructure of Ta2NiSe5/WS2 further
enhances performance.

Photodetectors are pivotal in transducing optical signals
into electronic data, thereby enabling a wide array of
technologies and applications across various domains,
such as communication, imaging, sensing, and measure-
ment1,2. Silicon-based photodetectors, including CMOS
image sensors and charge-coupled device (CCD) sensors,
have achieved significant commercial success. The CCD
technology was recognized with the Nobel Prize in 2009.
However, their performance is limited to the visible and
near-infrared wavelength due to the intrinsic bandgap
limitations of silicon and its photoresponse mechanism.
Infrared (IR) and Terahertz (THz) photodetectors are
essential for technological advancements in security,
healthcare, environmental monitoring, and industrial
applications, offering unique capabilities beyond other
wavelengths3,4. Consequently, the study of IR and THz
photodetectors has emerged as a prominent area of
research. Photodetectors are commonly based on photo-
nic and thermal mechanisms. Achieving IR and THz
detection with photonic photodetectors necessitates the
use of narrow bandgap materials; however, these materials
typically exhibit high dark current at room temperature,
requiring cooling, which is economically unfeasible5,6.

Conversely, thermal-effect photodetectors, while operable
at room temperature, generally display low sensitivity,
relatively slow response speeds, and limited electrical
bandwidth due to inherent operating mechanism7,8.
Another approach leverages the changes in electrical and
optical properties induced by phase transitions in mate-
rials, which can be exploited in photodetection. Since
phase transitions induce abrupt changes in material
properties, they can be harnessed for high sensitivity
applications. However, most materials lack phase transi-
tion temperatures within the room temperature range9,10.
In a recent publication in Light: Science & Applications,

the research team led by Prof. Z. Huang at the Shanghai
Institute of Technical Physics, Chinese Academy of Sci-
ences, has proposed and demonstrated an ultrasensitive
Ta2NiSe5-based room-temperature phase transition pho-
todetector11. This device exhibits exceptional sensitivity in
the terahertz band, achieving a specific detectivity (D*) of
up to 5.3 × 1011 cm·Hz1/2·W−1 and an electrical band-
width of 360 kHz, surpassing the state-of-the-art room-
temperature terahertz detectors by one to two orders of
magnitude.
The mechanism of this photodetector is the phase

transition between semimetal and excitonic insulator (EI)
at room temperature (326 K) and thus can be applied to
highly sensitive photodetectors as shown in Fig. 112,13. For
the phase transition process of Ta2NiSe5, Huang et al.
characterized it by Raman spectroscopy analysis at vari-
able temperatures, and the additional Raman peaks
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Integrated generation of vortices and frequency
conversion with metasurfaces
Jinyong Ma1✉, Kenneth B. Crozier 2,3✉ and Andrey A. Sukhorukov 1✉

Abstract
The generation of optical vortices in compact systems and across different spectral regions can open new horizons for
their applications in end-user devices. Latest advances in the design and fabrication of optical metasurfaces made of a
quadratically nonlinear material enable highly precise creation of vortices with different topological charges at the
second-harmonic frequency, with the potential to obtain various other structured states of light.

Optical vortices have attracted continued research
interest for more than 35 years1 due to their intriguing
features and practical applications. The vortices can
carry orbital angular momentum (OAM), while at their
core the intensity drops to zero due to the presence of a
phase singularity, as shown in Fig. 1a. Such structured
states of light can facilitate the trapping and rotation of
particles, enhance imaging functionality, and increase
the capacity of communication links2,3. There is cur-
rently a trend toward the miniaturisation of optical
systems, driven largely by new applications enabled by
their incorporation into platforms such as drones and
handheld consumer electronics. This motivates the
development of ultra-compact and lightweight optics for
the preparation and manipulation of structured light
including vortices.
Metasurfaces incorporating ultrathin nanostructures

have enabled unprecedented control over the polarization
and phase of light at the nanoscale [Fig. 1b], with a
practical potential to replace bulky optics for generating
optical vortices on demand4. The first work arranged
plasmonic meta-atoms with spatially varying orientations,
thereby imprinting helicoidal equal-phase wavefront onto

the incident light5. Later on, the J-plate metasurface
composed of rectangular units with varying sizes and
orientations achieved the conversion of any chosen spin
angular momentum to a target OAM, overcoming the
limitation of the geometric phase6. Complex-amplitude
metasurfaces facilitated holography with multiplexing of
up to 200 independent OAM channels7. Recent advances
in cascaded metasurfaces push this direction further,
achieving high-efficiency and high-purity OAM multi-
plexing with record high Laguerre polynomial orders8.
The light wavefront can also be nontrivially transformed

in the process of nonlinear frequency conversion. It is well
established that OAM can be doubled through second-
harmonic generation in homogeneous nonlinear crystals9.
Furthermore, spatially modulated nonlinear photonic
crystals enable the generation of arbitrary second-
harmonic OAM even from input beams without angular
momentum10. Nonlinear optical metasurfaces11, con-
taining specially optimized nanopatterns that can
manipulate both phase and amplitude in the process of
frequency conversion, allow even more flexibility in OAM
manipulation combined with second12–14 or third har-
monic generation15,16, as sketched in Fig. 1c.
A recent paper in Light: Science & Applications, by

Laure Coudrat and a team led by Aloyse Degiron and
Giuseppe Leo from the Paris Cité University and CNRS,
France17, reports a significant advance in the generation
of vortices from dielectric metasurfaces made of a quad-
ratically nonlinear material AlGaAs, which were designed
such that the second-harmonic phase was precisely con-
trolled in space to create the desired output wavefront. A
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appearing at different temperatures proved the occur-
rence of the phase transition. And Hall tests at different
temperatures revealed that the carrier concentration and
mobility of the material changed dramatically before and
after the phase transition. Thus leading to the sensitive
optical response of the material.
Huang et al. developed Ta2NiSe5-based detectors

exhibiting ultra-high responsiveness to visible, near-
infrared, short-wave infrared, and terahertz frequencies
at room temperature. As the photoresponse is propor-
tional to mobility and inversely proportional to carrier
concentration, the rate of change for both peaks near the
phase transition temperature, thereby achieving the
maximum photocurrent. The electrical bandwidth in
terahertz waveband (0.14 THz) was obtained as 360 kHz.
Responsivity achieved peak at room temperature, with
4.7 × 103A ∙W−1 (0.344 THz). The rising and falling time
are estimated to be 500 ns and 1.4 μs. Specific detectivity
(D*) in the terahertz band up to 5.3 × 1011 cm·Hz1/2·W−1

at 11,600 μm. This performance is already superior to
the state of the art room temperature terahertz
photodetectors.
Furthermore, Ta2NiSe5 is a two-dimensional material,

offering the advantage of having no dangling bonds,
allowing it to form heterojunctions with other materials
without lattice mismatch concerns, thereby suppressing
dark current and enhancing performance14,15. Conse-
quently, Huang et al. formed a heterojunction of Ta2NiSe5
and WS2, which reduces dark current and noise through
the generation of potential barriers at the interface. At
0.024 THz and 0.171 THz, the heterojunction device

achieves maximum D* values of 7.0 × 1011 cm·Hz1/2· W−1

and 3.9 × 1011 cm·Hz1/2·W−1 at Vds= 2.5 V, respectively.
More importantly, the introduction of WS2 enables tun-
able device performance via gate voltage and enhances
performance across the visible, near-infrared, and short-
wave infrared spectra. Thus, the detector offers perfor-
mance advantages over current photodetectors across a
wide spectral range from visible to terahertz.
Overall, this article highlights Ta2NiSe5 as an ideal mate-

rial for highly sensitive room-temperature photodetectors
due to its phase transition temperature aligning with room
conditions. Additionally, its two-dimensional nature offers
extensive potential for future development. Photodetectors
based on excitonic insulator phase transitions hold sig-
nificant promise. This research is poised to yield more cost-
effective, high-performance photodetectors.
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Fig. 1 Schematic of the Ta2NiSe5 photodetector. Exciton formation
leads to a transition from a semi-metal to an insulator that can
significantly alter the electronic and optical properties
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