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Closing the THz gap with Dirac semimetals
Carlo Rizza 1✉ and Alessandro Molle2

Abstract
High-performance THz photodetection is unprecedentedly accessed by integrating a topological Dirac (Weyl)
semimetal in a carefully designed antenna at deep-subwavelength scales.

In recent years, there has been a surge of interest in the
THz spectral regime (from 300 Hz to 30 THz) since effi-
cient electronic and photonic materials are traditionally
not available in this frequency range. Conventional elec-
tronic materials are too slowly responsive for THz
optoelectronics, and mainstream optoelectronic and
photonic devices (lasers, photodetectors, modulators, etc.)
operating in the visible and infrared ranges cannot be
trivially recast to the THz band owing to intrinsic physical
constraints1. For example, III–V or group IV semi-
conductors, widely exploited in several optical devices,
exhibit an energy bandgap out of the THz spectral range,
and this specific strongly hampers the devising of active
THz optoelectronic components.
To overcome these limitations, research efforts are cur-

rently focused on novel THz materials with unusual and
advantageous properties. THz metamaterials, designer-
made composite materials showing a resonant response at
the desired THz frequency, provide a suitable platform to
manipulate THz radiation2,3. However, despite the THz
responsivity, metamaterials (generally studied for their
effective, spatially averaged, properties) exhibit undesired
deep-subwavelength spatial modulations4, which can be
detrimental for miniaturized on-chip optoelectronic devi-
ces. An alternate fashion of technology-amenable THz
materials was inspired by graphene5, closely followed up by
three-dimensional (3D) topological insulators6–10, where

linearly dispersing fermions can be excited by low-energy
photons. Recently, a new frontier of topological materials
has emerged. Especially, topological Dirac (Weyl) semi-
metals have attracted a good deal of attention since they
exhibit topologically protected crossing points, termed
Dirac (Weyl) nodes, between four-fold degenerate (two-fold
non-degenerate) linearly dispersing energy bands in their
3D electronic structure11. Topological semimetals offer
unprecedented perspectives to tune the light-matter inter-
action at extremely low photon energy (even down to the
THz regime)12,13. In this context, a subclass of van der
Waals solids consisting of transition-metal dichalcogenides
TMX2 (TM=Mo, W, Pd, Pt; X= Se, Te), plays an out-
standing role since they may assume allotropic phases
hosting Lorentz-violating (type-II) topological Dirac or
Weyl fermions in bulk crystal14 and potentially in the form
of thin-films on substrates15. In these materials, the Dirac
(Weyl) nodes are no longer pinned to the high-symmetry
points of the crystal lattice, and they emerge at the
boundary between electron and hole pockets arising from
band intersections with the Fermi surface.
In ref. 16, Wang et al. set a milestone in THz technology

by proposing the integration of the type-II Dirac semimetal
PtSe2 in a high-performance THz photodetector, realizing
a suitable nanometric antenna layout (see Fig. 1 as a gen-
eral scheme of device operation). PtSe2 exhibits solid
advantages as THz material. PtSe2 is stable against envir-
onmental degradation in the month timescale, thus
ensuring the endurance of the topological character after
integration into a technology platform. Its topological type-
II Dirac semimetal character has been well-established
by angle-resolved band structure investigations of
tilted Dirac cones with broken Lorentz symmetry17,18.
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Luminescent concentrators enable highly efficient
and broadband photodetection
Wei Wang 1 and Johnny C. Ho 1,2✉

Abstract
With luminescent concentrators, the high quantum yield luminescence emitted by embedded chromophores,
featuring a broad absorption spectrum, can be well-tuned to match the peak response of integrated photodetectors.
This integration can substantially enhance the device photoresponse all the way from deep UV to near-IR.

The concept of luminescent concentrators (LCs) was
initially proposed in the 1970s, aiming to develop a low-
cost technology of photovoltaic (PV) solar cells and
enhance their spectral response at that time1,2. In specific,
the chromophores embedded in a transparent waveguide
slab can absorb the incident photons across a broad,
energetic spectrum and then re-emit the downshifted
light, which would then be directed to the integrated PV
cells at small edges of LCs3. This way, the luminescent
solar concentrators offer a practical path to reduce the
expensive PV material consumption and enhance the
spectra response range. Thanks to the unique features,
such as light concentration and energy down-conversion,
the LCs have also drawn considerable interest in other
application fields as a versatile photonic technology plat-
form, such as the compact dark-field imaging devices and
multistate smart windows evolved by the LCs4–6.
Recently, significant efforts have been made to develop

efficient and broadband photodetectors. Nevertheless, the
capability of photo-sensing for most photodetectors has
always been constrained due to the poor spectral selective
response. For instance, the existing broadband photo-
detectors based on hybrid heterojunctions, such as PtSe2/
GaAs or MAPbI3/organic PTB7-Th:F8IC, tend to exhibit
prominent performance primarily ranging from visible to

shortwave infrared or even only in the visible waveband,
whereas the detection capability in deep UV is not so
comparable and conspicuous7,8. Moreover, the incident
diffuse light is also prone to be scattered when irradiating
on the photodetectors, resulting in low external quantum
efficiency (EQE).
Fortunately, with the introduction of LCs, the aforemen-

tioned drawbacks of photodetectors can be readily remedied
by judicious adoption of suitable chromophores and wave-
guide matrices. In this case, it is possible to make more
efficient use of photodetectors by integrating them with
LCs. Very recently, to enhance UV performance of CsPbI3:
Er3+/BTP-4Cl:PBDB-TF heterostructure photodetectors,
Song’s group employed the Cr3+, Ce3+, Mn2+ tri-doped
CsPbCl3 perovskite quantum dots (PQDs) as chromophores
in LCs9. As a result of visible luminescence emission, the
EQE and detectivity of LC-coupled heterostructure photo-
detector at 260 nm were increased by over 4 orders of
magnitude, along with an efficient response time of hun-
dreds of microseconds, successfully realizing the full spec-
trum of the hybrid photodetectors within 200–1000 nm.
This work demonstrates that the efficient photoresponse of

photodetectors could be implemented within a broad
wavelength range with the aid of appropriate LCs. Figure 1a
illustrates the schematic device architecture of the LC-
integrated heterostructure photodetector. It resembles a
miniaturized conventional solar concentrator, for there is no
need to collect the incident light over a large area. The PQDs
are embedded in a transparent PMMA waveguide matrix,
which can avoid re-absorption of the propagating
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More importantly, it bears a broadband electromagnetic
absorption at the THz frequencies, high mobility
(1800 cm2/V s), and high anisotropic response. On the
other hand, as a semimetal, PtSe2 can suffer from limited
photo-electric conversion within a deep-subwavelength
area and bias-induced dark current leakage. To overcome
these latter drawbacks, the Authors propose an asym-
metric metallization confining the optically active nanogap
slit in the sub-skin-depth regime (λ/104) within the
antenna device architecture. Breaking the in-plane sym-
metry of the electrode layout effectively results in an
enhanced funneling of low-energy photons and photo-
induced conduction at zero bias. The considered PtSe2-
based photodetector exhibit a colossal photo-response, viz.,
light absorption in the THz range (from 0.1 to 0.3 THz)
with responsivity exceeding 0.2 A/W. In addition, noise-
equivalent power (NEP) less than 38 pW/Hz, and temporal
response of the order of 1 μs are achieved by coupling the
PTSe2 with graphene, so as to alleviate the energy barrier at
the contact. These figures of merit hold promise for
PtSe2 as outstanding THz material and pave the way

for integrating other topological materials in miniaturized
on-chip optoelectronic devices. Taking the PtSe2 antenna
as a prototypical device, new perspectives for devising
ultra-efficient low-energy optoelectronic components can
thus be one step closer to the realization stage and to the
deployment of efficient and ready-to-use THz products
that are advantageous for biomedical, remote sensing, and
security applications.
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Fig. 1 Schematic of the in-plane asymmetric device enabling an
efficient low-energy photodetection. The THz near-field is
concentrated into the nanogap of thickness L, where the type-II Dirac
or Weyl semimetal lies
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