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TOPICAL REVIEW — Photodetector: Materials, physics, and applications
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Charge-density-wave (CDW) materials with strongly correlated electrons have broadband light absorption and ultra-
fast response to light irradiation, and hence hold great potential in photodetection. 1T-TaS, is a typical CDW material
with various thermodynamically CDW ground states at different temperatures and fertile out-of-equilibrium intermedi-
ate/hidden states. In particular, the light pulses can trigger melting of CDW ordering and also forms hidden states, which
exhibits strikingly different electrical conductivity compared to the ground phase. Here, we review the recent research
on phase transitions in 1T-TaS, and their potential applications in photodetection. We also discuss the ultrafast melting
of CDW ordering by ultrafast laser irradiation and the out-of-equilibrium intermediate/hidden states by optical/electrical
pulse. For photodetection, demonstrations of photoconductors and bolometers are introduced. Finally, we discuss some of

the challenges that remain.
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1. Introduction to structure and charge-density
waves in 1T-TaS,

Low-dimensional strongly correlated electron systems
arise from the couplings between charge, spin, and lat-
tice. They exhibit rich phase transitions, such as supercon-
ductivity, ferromagnetism, and charge-density wave (CDW)
ordering.!'"*! CDW states comprise a periodic charge-density
modulation and a periodic lattice distortion, which originate
from the electron—phonon interactions and/or Fermi surface
nesting.>="! Due to the collective mode of charge density, a
finite electronic bandgap opens with the forming of the CDW
phase.[10-12]

The theory of the electron—phonon interaction of the
CDW system was first suggested by Peierls in 1955.[6] For
a one-dimensional (1D) metal chain at temperature 7 = 0 K
without considering the electron—electron or electron—phonon
interactions, the ground state is schematically presented in
Fig. 1(a). The atomic chain possesses a lattice constant of
a and the electronic states are filled up to the Fermi surface
Er. After taking electron—phonon interaction into considera-
tion, the lattice distortion with a period of A is more energet-
ically favorable. The period A4 is related to the Fermi wave
vector kg by A = 7 /kp. The lattice distortion opens a finite
energy gap 2A at the Fermi level (Fig. 1(b)), thus turning the
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metallic phase into insulating CDW phase. Compared to the
metallic phase with constant charge density of pg, CDW states
exhibit a periodic collective mode with modulated charge den-
sity, which can be expressed as!®!

p (r) = po+picos (kg T+ @), (1)

where p; and ¢ are the amplitude and phase of periodically
modulated electron density, respectively, and r is the displace-
ment.

1T-TaS,, with a plane of Ta atoms sandwiched be-
tween two layers of S atoms in an octahedral lattice, exhibits
temperature-dependent CDW orderings. At a temperature be-
low 550 K, the incommensurate (IC) CDW phase forms with
slightly distorted lattices. As the temperature is lower than
350 K, nearly commensurate (NC) CDW forms with insulating
commensurate domains and conductive domain walls. Further
lowering the temperature down to 180 K, insulating commen-
surate CDW (CCDW) phase occurs (Fig. 2(a)). In the CCDW
phase, the lattice distortion is characterized by a V13 x/13
superlattice of David-stars comprised of 12 Ta atoms around a
13th Ta atom (Fig. 2(b)).

The resistance of 1T-TaS, changes in the different CDW
states. For bulk crystal, two abrupt changes of resistance
can be observed at temperatures of 180-220 K and 350—
360 K, corresponding to CCDW-NCCDW and NCCDW-
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ICCDW phase transitions, respectively (Fig. 2(c)).l'3! As the
thickness of 1T-TaS; decreases, the NC—C phase transition
disappears (Fig. 2(d)) as the thickness is less than 9 nm and
3 nm, respectively. The thickness-dependent phase transition
behavior was explained as slow kinetics of phase transition.[!4]
It was further found that the NC-to-C phase transition process
disappeared at high cooling rate.!'*! Zhang and his colleagues
attributed the thickness dependence to the periodicity for sus-

taining long-range order, dielectric environment, and surface
[13]
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The fertile phase transitions in 1T-TaS; have been investi-
gated by versatile tools. For instance, the distribution of elec-
tronic density in real space, the configuration and electronic
structure of domain walls, and the manipulation of CDW
phases have been extensively studied by scanning tunneling

y.[15-191 The ultrafast photoemission spectroscopy

microscop
has been introduced to monitor the dynamics of electronic
structure in the phase transition process.?>24 The ultrafast
diffraction technique has been developed to reveal the lattice

dynamics of CDW phase transition process.?>-%7]
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Fig. 1. Schematic illustration of one-dimensional periodic metallic lattice and Peierls distorted insulating lattice. (a) Without electron—phonon
interaction, the lattice with a period of a exhibits a constant charge density and filled electron states up to Fermi level. (b) Considering the
electron—phonon interaction, the Peierls distortion results in the periodically modulated charge density and an energy gap at the Fermi level.
Reproduced from Ref. [6] with permission. Copyright 1988, American Physical Society.
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Fig. 2. CDW phase in 1T-TaS, at different temperatures. (a) The CCDW, NCCDW, and ICCDW phases at different temperatures. (b)
Crystal structure of 1T-TaS; with David-star clusters consisting of 13 Ta atoms. (c) Temperature-dependent resistance of bulk 1T-TaS,. (d)
Temperature-dependent resistance of 1T-TaS, with thickness of 6 nm. As the thickness of 1T-TaS, decreases, the phase transition from NC to
IC phase is unresolvable owing to the slow kinetics. (c) and (d) were reproduced from Ref. [13]. Copyright 2015, Springer Nature.
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Additionally, Raman spectroscopy is sensitive to the
collective lattice vibration, which has been demonstrated
as an effective approach for measuring the CDW phase
transition.[?-32] Compared to the undistorted metallic lat-
tice, the commensurate domains consisting of /13 x v/13
superlattice exhibit fold-back acoustic and optical modes
with Raman frequency of 50-100 cm~! and 230-400 cm™!,
respectively.[?8] With the transition from CCDW-NCCDW
phase, an abrupt red-shift of Raman peaks was observed. 3]
In striking contrast to the electrical measurements, the Raman
spectroscopy demonstrated that fold-back acoustic and optical
modes are preserved in monolayer 1T-TaS,. This result possi-
bly suggests that CDW phase order can be stable at monolayer
1T-TaS,.

Further electrical measurements have been conducted to
investigate the correlation between the CDW states and elec-
tron transport properties. The significant change of electrical
conductivity during the phase-transition process promises the
characterization of dynamics of CDW states through electri-
cal signals. For example, the low-frequency noise of electrical
devices can be employed to understand the sliding of CDW
domains. 33 Electrical oscillators, consisting of a 1T-TaS; de-
vice in serial with a load resistor, can be harnessed to study the
dynamics of multistate phase transitions. 3433

Owing to the striking differences in electrical conductiv-
ity for various CDW states, the manipulation of CDW phases
can be exploited to develop multifunctional devices. For ex-
ample, Iwasa and his colleagues discovered a memristive NC-
to-C phase switching behavior, arising from an extremely
slow phase transition process with reduced thickness of 1T-
TaS,.1"43% This work provided a proof-of-principle demon-
stration of nonvolatile memory devices based on the sluggish
CDW phase transition of nano-thick 1T-TaS;. The NC-to-IC
phase transition is more attractive for the practical device im-
plementations because it occurs at room temperature and can
be triggered by optical pulses or electrical current. By col-
lecting a 1T-TaS; in serial with a load resistor, electrical os-
cillation can be achieved by revisable switching between NC
and IC phases.?*! Compared to the conventional ring oscil-
lators, the CDW oscillators based on phase transition possess
much simplified electrical circuits. Therefore, multiple CDW
phase transition of 1T-TaS,, together with its electrical/optical
manipulability and low dimensionality, permits 1T-TaS; as a
platform for fabrication of multifunctional phase-transition de-
vices.

In addition to thermodynamic ground states at different
temperatures, light pulses can drive the CDW phase transi-
tion and create fertile out-of-equilibrium intermediate states.

For the phase transition triggered by light pulses, two effects

will contribute to the collapse of highly ordered commensu-
rate domains. First, the photo-injected electrons can fill the
Mott—Hubbard bands, yielding mobile carriers to screen the
Coulomb interaction between Ta atoms. With the collapse
of Ta clusters and strongly correlated electronic states, highly
conductive metal states can nucleate and grow. Second, high-
fluence photon injection can give rise to Joule heating effect,
which will increase the local temperature of the sample. Be-
cause the local temperature is higher than the phase-transition
temperature, melting of CDW domain occurs. Therefore, spe-
cial light-matter interactions can be observed in the CDW
phases with strongly correlated electron system.

In this review, we have summarized the recent progress
on the photoinduced CDW phase transitions in 1T-TaS,, as
well as the potential applications. First, the dynamics of op-
tical pulse induced CDW phase transition in 1T-TaS; is in-
troduced. Second, the out-of-equilibrium intermediate/hidden
states, which can only be accessible by applying external stim-
uli, such as ultrafast laser pulses and electric field, are intro-
duced. Third, potential applications of 1T-TaS; as photode-
tectors are introduced. Finally, we have prospected challenges
and potential applications based on photoinduced CDW phase

transitions.

2. Ultrafast optical pulse induced CDW phase
transitions in 1T-TaS,

Phase-transition dynamics in 1T-TaS, have been exten-
sively studied by ultrafast optical stimulation. Femtosecond
electron diffraction was used as a powerful tool to investi-
gate the dynamics of crystal lattice during optical pulse in-
duced phase transition. In the experiments, femtosecond laser
pulses were employed to initiate the phase transition of 1T-
TaS, from a highly ordered phase to a lowly ordered phase
and an ultrafast electron beam was used to probe the lattice

(25271 The dynamic melting, switching, and recov-

dynamics.
ery processes have been extensively studied with this tech-
nique. In addition to electron diffraction, time-resolved x-
ray photoelectron spectroscopy is another effective approach
for investigating the evolution of CDW ordering under optical
excitation. These ultrafast measurements employed different
probes, such as x-ray and electron beams, to collect signals
characterizing the structural dynamics, while using femtosec-
ond light as a pump source to trigger the CDW phase transi-
tion.

At room temperature, the ground state of 1T-TaS; is the
NCCDW phase, which possesses commensurate CDW do-
mains reflected by ~ 12°-rotated diffraction peaks in electron
diffraction patterns (Fig. 3(a)). Under the light excitation

exceeding a threshold, the melting of CDW domains occurs,
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Fig. 3. The ultrafast optical pulse induced NC-to-IC phase transition of 1T-TaS; monitored by ultrafast electron diffraction. Real and reciprocal
space representation of (a) NCCDW phase, and (b) ICCDW phase. Compared to the ICCDW with slight lattice distortion, the NCCDW phase
consists of commensurate supercells, which exhibits ~ 12°-rotated high-order diffraction peaks. (c) The evolution of NC and IC intensities
under different excitation densities. This figure was reproduced from Ref. [25] with permission. Copyright 2016, American Physical Society.

1.8 mdiom®

(b)

Intensity

:

=27 -26 -25 -24 -23
E— EF/EV

-22

E—EF/eV

—0.5e~

Intensity

11 ps %
~
=
2.1 ps 8
<
0.3 ps
-1.5ps
X
e
=
no laser

0.60

0.55

0.50

0.45

- (o) ]
E ~900 fs E
N (f) - -
! -
! \ 3
1 \ ]
L ! —
E ! 3
8 ' i
1
E—t—7T— 1 | 1 | I | I | 1 | 1 =
-2 0 2 4 6 8 10 12
Delay/ps

Fig. 4. The ultrafast optical pulse induced CDW phase transition monitored by time-resolved x-ray photoemission spectroscopy (TR-XPS). (a)
Scheme of CCDW 1T-TaS; consisting of David-star clusters with inequivalent a, b, and ¢ Ta atoms. (b) Ta 4f XPS spectra at different delay
times. The color represents the electron density, which increases towards the center Ta atom. The Ta 4f photoemission is split into two peaks,
corresponding to sites b and ¢, separated by 2A (i.e., Acpw). (c) Two-dimensional false color map of Ta 4f photoemission spectra at different
delays. (d) Time-resolved photoemission intensity at E — Er = —22.26 eV. (e) Dependence of 2Acpw on the delay time. (f) Delay-time-dependent
electron temperature 7. This figure was reproduced from Ref. [23] with permission. Copyright 2010, American Physical Society.
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reflected by the suppressed diffraction of NC superlattice and
enhanced diffraction of IC phase (Fig. 3(b)). By extracting
the time evolution of NC and IC intensities, a two-stage phase
transition process has been discovered. In the first stage, the
drop of NC diffraction intensity and the rise of IC intensity
occur within 0.3 ps and 1.5 ps, respectively, which is indepen-
dent of the pump fluence. In the second stage, the drop/rise
of NC/IC intensity keeps ranging from 50 ps to 230 ps de-
pending on the excitation power. The two-step melting of NC
and buildup of IC phase are attributed to the nucleation of new
phase followed by the domain growth.

The pump-fluence-independent nucleation rate indicates
the absence of a nucleation barrier at the first stage. The dy-
namics of phase transition was proposed by Haupt et al. by
combining the experimental results and theoretical calcula-
tions. They found that the changes in ionic potential, arising
from the femtosecond laser excitation, give rise to the coherent
atomic motion in commensurate domains towards the undis-
torted metallic domain walls. At the time scale of ~ 1 ps, the
energy dissipation to lattice results in the rise of lattice tem-
perature beyond the critical temperature of NC-to-IC phase
transition. Further growth of IC phase requires much atomic
displacement with the transformation of the previously com-
mensurate domains. Overall, complete transformation of NC
to IC phase occurs within the time of ~ 50 ps and can be ex-
plained by the nucleation and growth mechanism.

In addition to the ultrafast electron diffraction, time-
resolved x-ray photoemission spectroscopy (TR-XPS) is an-
other effective approach for investigating the dynamics of
CDW phase transition. ! This method employs three inequiv-
alent Ta sites (labeled as a, b, and ¢ in Fig. 4(a)) in CCDW 1T-
TaS,. In the 13-atom David-star clusters, about 0.4 electrons
are transferred from outer 6 Ta atoms to inner ones. The charge
transfer in CCDW phase is reflected by the split Ta 4f peaks
in XPS spectra (Fig. 4(b)), which can be assigned to b and ¢
sites (peak related to a site is weak to be resolved). The b—c
splitting 2A can be extracted to characterize the CCDW phase
order. Beye et al. performed the TR-XPS with a free-electron
x-ray laser at ~ 156 eV as probe in combination with a syn-
chronized optical pump laser at 1.55 eV as pump. Figure 4(b)
shows the evolution of XPS spectra at different pump—probe
delays. The Ta 4f splitting experiences an obvious reduction
within a picosecond followed by partial recovery and forma-
tion of a quasi-equilibrium state with a lifetime longer than
10 ps. Figure 4(c) shows the false-color TR-XPS spectra. The
2A decreases from the original value of 0.62 eV to 0.47 eV,
and then recovers to a quasi-equilibrium value of 0.54 eV with

a time constant of ~ 900 fs. The lattice temperature was cal-

culated and the quasi-equilibrium temperature was 226 K. The
ultrafast TR-XPS can be explained by two processes. The first
process is the transient collapse of charge order by filling of
the Mott—Hubbard band and collapse of the Mott phase, re-
flected by the transient heating of electrons. Then, cooling of
electrons occurs through transferring energy of crystal lattice,

yielding a quasi-equilibrium state.

3. Hidden CDW phases in 1T-TaS,

A single ultrafast laser pulse can also trigger the forma-
tion of hidden states with well-organized CDW domains and
undistorted metallic domain walls in 1T-TaS;. Stojchevska
et al. reported the generation of a metallic hidden states at
1.5 K by applying a 35-fs laser pulse.!*”! At temperatures be-
low 180 K, 1T-TaS; exhibits an insulating CCDW state. After
applying a 35-fs laser pulse exceeding the power threshold,
an abrupt drop of resistance was observed, suggesting a phase
transition from CCDW to a hidden state (Fig. 5(a)).’8! A con-
stant resistance has been observed up to temperature of 60 K.
Upon 100 K, the resistance is close to that of the C state. The
hidden states can be erased by a train of 10* 50-ps pulses.

A mechanism of the hidden-state formation is proposed
by combining the experimental results and theoretical con-
siderations. In CCDW states, the electronic states are con-
tributed by the Ta d bands. The 12 electrons contributed by
the 12 Ta atoms form occupied states, while the 13th electron
is localized at the center Ta atom. The empty upper Hubbard
bands and filled lower ones are generated by the 13th electron
and open an energy gap to sustain the insulating CCDW state
(Fig. 5(b)). After an ultrafast laser pulse, the injected elec-
trons and holes fill the upper and lower Hubbard bands after
ultrafast intraband thermalization, thus inducing the melting
of C clusters. The organization of insulating CCDW domains
and domain walls after the partial breakdown of the David-
star clusters promote the formation of a long-range ordered
hidden state. Note that this model is consistent with exper-
imental results and theoretical understandings. However, di-
rect characterization of the C domain structure in this hidden
state is required to provide deep understandings in its forma-
tion mechanism and physical properties.

The electric field can also be harnessed to trigger phase

[39-42] Vaskivskyi et al. reported the

transitions in 1T-TaS,.
buildup of the conductive hidden states by pulsed current
injection.3°! The current pulse passed through the sample can
turn the insulating CCDW phase to a metallic hidden state
with a high switching speed (30 ps), which provided a proof-
of-principle demonstration of CDW phase transition for non-
volatile memory.
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During the current pulse triggered phase transition, there
are several characteristics. First, with the increase of current
density of electrical pulse, an abrupt drop of electrical resis-
tance occurs in 1T-TaS,, indicating the phase transition from a
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Mott insulator to a highly conductive metallic state (Fig. 6(b)).
Second, the CDW phase switching is strongly dependent on
the pulse duration time. For pulses with duration time higher
than 0.1 ps, phase switching is incomplete or cannot occur.
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The measurable phase switching speed can reach 30 ps. Third,
electrical-pulse-driven phase transition presents a significant
dependence on temperature (Figs. 6(c) and 6(d)). The obvious
switching only occurs with temperature ranging from 10 K to
55 K. In the range of 55 K to 165 K, unstable voltage response
was observed above a threshold current. Based on these facts,
Vaskivskyi et al. proposed a mechanism based on the forma-
tion of a hidden state similar to the femtosecond laser pulse
excitation. 3] The injected charges can cause the partial col-
lapse of the David-star clusters and the establishment of or-
ganized David-star domains separated by conductive domain
walls.

Optical pulses and electric field can drive CDW phase
transitions in 1T-TaS,. However, the mechanism for the phase
transition triggered by electric field and optical pulses is still
under debate. Recently, Shao et al. studied the electron and
hole doping of 1T-TaS, by using density-functional-theory
(DFT) calculations.*3) They found that the stability of CDW
domains can be suppressed by hole doping which weakens the
electron density at the center of star-of-David, while the sta-
bility of CDW phase is not sensitive to electron doping.

Compared to the out-of-plane electric field, the phase-
transition mechanisms driven by optical pulses and in-plane
electric field are more complex and still under debate. Two
mechanisms are proposed. First, optical excitation and in-
plane electric field can inject mobile holes in 1T-TaS,, which
triggers the melting of star-of-David. Second, light irradia-
tion and electrical current can generate Joule heat, giving rise
to the increase of local temperature over the phase-transition
point. By measuring the Stokes and anti-Stokes Raman spec-
tra of 1T-TaS, during the phase-transition process driven by
in-plane electric field, ¥ we found that the local temperatures
range from 295 K to 320 K, which excludes the Joule heating
mechanism in this case.

4. Bolometers based on CDW phase transitions
in 1T-TaS,

The CDW phase switching can be driven by light irra-
diation in 1T-TaS,, thus leading to their practical application
as photodetectors. In contrast from semiconductors with a fi-
nite bandgap and thus the photodetectors with a narrow spec-
tral response, the photodetection based on phase transition
Due to its metallic nature,
1T-TaS; exhibits broadband light absorption with wavelength

possess a broadband response.

ranging from several hundreds of nanometers to 100 microm-
eters (Fig. 7(a)).

Before discussing the photodetection applications, we
briefly summarize the synthesis methods for high-quality 1T-
TaS, two-dimensional (2D) nanoflakes, which is important for
scalable construction of high-performance devices. Mechan-
ical exfoliated nanoflakes exhibit high crystallinity, but their

practical device applications are limited by the low fabrica-
tion efficiency. The chemical vapor deposition (CVD) method
has been employed to fabricate 1T-TaS;. Liu and his col-
leagues demonstrated that few-layer 1T-TaS; can be grown by
CVD." 1 Huang et al. synthesized vertically oriented 1T-TaS,
with abundant edge sites on nanoporous gold substrates. 6]
Xie et al. also demonstrated the CVD growth of 1T-TaS; on h-
BN substrate.*°] These results provide the possibility for scal-
able fabrication of high-performance devices based on CDW

phase transition.
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Fig. 7. Photodetectors based on the CDW phase transition in 1T-TaS,.
(a) Absorption spectrum of 1T-TaS;. (b) The I-V curves of 1T-TaS,
at the dark state and the light illumination of 0.7 W-cm~2. (c) Voltage
threshold of NC-to-IC phase transition under different light irradiance.
(d) The time response of photodetectors under the light pulse of 5 Hz
and 0.7 mW-cm~2. (e) The current of device under different light in-
tensities. (f) Spectral response of photodetector. This figure was repro-
duced from Ref. [47] with permission. Copyright 2018, AAAS.

At room temperature, the phase transition from NC-to-
IC states can be triggered by an ultrafast femtosecond laser
pulse with a threshold of light intensity. In contrast, Wu et al.
demonstrated that the sliding of C domain under the applied
electric field can be manipulated by applying light with much
lower power, reflected by the striking decrease of threshold
voltage for the NC-to-IC phase transition (Fig. 7(b)).!*’! The
decrease of threshold voltage is linearly dependent on the light
intensity and the good linearity enables the high-performance
light sensing (Fig. 7(c)). The abrupt rise and decay of elec-
trical current were observed in 1T-TaS, by applying a 5-Hz
pulsed light (Fig. 7(d)), suggesting the fast temporal response
of this photodetector. Wu et al. also studied the evolution of
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device current with the light intensity at different applied volt-
ages and the wavelength-dependent responsivity (Figs. 7(e)
and 7(f)). The highest responsivity can achieve ~ 4 A-W~!
for this photodetector. Even under light with wavelength of
10 um, the photoresponsivity exceeds 1 A-W~!. Therefore,
due to the lack of bandgap for 1T-TaS, at room temperature,
it is an ultra-broadband photodetector with relatively high re-
sponse. Since the sliding of CDW domains requires some lat-
tice distortion, the photodetector exhibits ultrahigh response
speed. The rise and decay times were recorded as ~ 1.5 ns
and 30 ns, respectively.

The ultrathin nature of suspended 2D 1T-TaS, film can
have ultralow thermal capacitance and then has extremely high
bolometric response. Xie and his colleagues demonstrated
highly responsive bolometers based on suspended 1T-TaS,.

The as-grown 1T-TaS; film (around 100 nm thick) exhibits
broadband optical absorption with relatively low transmittance
ranging from 20% to 40% (Fig. 8(a)). Devices were fabri-
cated by suspending of 1T-TaS, and a pair of metal electrodes
(Fig. 8(b)). Interestingly, the bolometric effect can contribute
to the NC-to-IC phase transition process. At voltages rang-
ing from 0.5 V to 1.4 V, prominent decrease of resistance was
observed under applied infrared light (Fig. 8(c)). For applied
voltage exceeding 1.3 V, the resistance of 1T-TaS, experienced
a significant reduction. When the applied voltage increased
to 1.5 V, the change was hard to be observed, caused by the
buildup of IC phase under the applied voltage. Therefore, in-
cident photons can heat up the 1T-TaS, and contribute to the
NC to IC phase transition through the bolometric effect.
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Fig. 8. Bolometric performance of a 1T-TaS; film. (a) Transmittance spectrum of 1T-TaS,. (b) Current and resistance of 1T-TaS, at different
applied voltages. (c) Bolometric resistance response of 1T-TaS; under IR light with irradiance of 10 wW-mm™2 at different applied voltages.
(d) Scheme of circuit and the AC electrical waveform used in the voltage responsivity measurements. (e) Voltage response at different IR
irradiance. (f) Derived voltage and responsivity under different illumination powers. This figure is reproduced from Ref. [30] with permission.

Copyright 2018, Wiley-VCH.

The figures of merit of 1T-TaS, bolometers were eval-
uated by constructing a circuit, in which 1T-TaS, was con-
nected in serial with a load resistor. An alternating current
(AC) bias was supplied to tune the phase transition of 1T-TaS,
(Fig. 8(d)). Under light irradiation, a striking voltage drop
of 1T-TaS; was observed due to the decrease of resistance.
The responsivity Ry is calculated by Ry = Viesp / Piight, where
Viesp 18 the voltage difference before and after light irradia-
tion and Bjgp, is the light power. A highest responsivity of

2600 V-W~L.mm? was observed, which is higher than that of
other bolometers that are based on strongly correlated phase
transition, such as VOy and semiconducting yttrium barium
copper oxide (YBCO).

5. Conclusion and perspectives

Extensive research has been made in CDW phase
transitions and their dynamics: from ultrafast melting of
CDW domains to the buildup of out-of-equilibrium hid-
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den/intermediate states. The phase transition processes, in-
cluding the melting of David-star domains and the buildup of
new phase, are accompanied with the striking change of elec-
trical conductivity. Fertile CDW phases and their striking con-
trast of electrical conductivity offer an interesting avenue to
create multifunctional devices, including photodetectors. Pho-
todetection based on strongly correlated electronic system is
strikingly different from conventional semiconductors. With-
out a bandgap, the CDW-based photodetectors can exhibit
broadband photodetection with wavelength ranging from sev-
eral hundreds of nanometers to hundreds of micrometers. The
ultrafast melting, nucleation, and growth of CDW ordering of-
fer a core opportunity for the fabrication of ultrafast devices.
Although the potential photodetection application of 1T-TaS;
has been outlined in this review, research on CDW-based pho-
todetectors is still preliminary.

First, the mechanism of the photoresponse is still un-
clear. The photodetectors operated at room temperatures
should originate from the NC to IC phase transition. The lat-
tice dynamics research is carried out by employing femtosec-
ond optical excitation, in which high fluence of photons are
injected into 1T-TaS, within ultra-short time. However, pho-
todetection experiments are usually performed under continu-
ous wave light excitation with relatively lower fluence, which
cannot achieve the ultrafast melting of CDW ordering without
the help of the applied electric field. Therefore, the underlying
mechanisms for the CDW phase transition driven by femtosec-
ond laser pulse and continuous wave light are possibly differ-
ent. In this respect, further studies into the lattice dynamics un-
der electric field and continuous wave light excitation should
be carried out to reveal the underlying mechanism.

Second, the signal-to-noise ratio of the CDW-based pho-
todetectors need to be further improved. Currently, 1T-TaS;
is still highly conductive even at the dark condition, which is
due to the conductive domain walls in the NCCDW phase as
well as the small CDW gaps. So further research is needed
to find CDW materials with a much lower conductivity in the
ground CDW state and a much higher conductivity in the ex-
cited state. We believe that the concept of photodetection
based on the CDW phase transition offers new opportunities
for creating high-performance photodetectors with broadband
spectral sensitivity, ultrafast response, and an ultrahigh signal-
to-noise ratio.
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