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Two-dimensional transition metal dichalcogenides (TMDs) provide fertile ground to study the interplay between
dimensionality and electronic properties because they exhibit a variety of electronic phases, such as semiconducting, su-
perconducting, charge density waves (CDW) states, and other unconventional physical properties. Compared with other
classical TMDs, such as Mott insulator 1T-TaS, or superconducting 2H-NbSe;, bulk 2H-TaSe; has been a canonical sys-
tem and a touchstone for modeling the CDW measurement with a less complex phase diagram. In contrast to ordinary
semiconductors that have only single-particle excitations, CDW can have collective excitation and carry current in a col-
lective fashion. However, manipulating this collective condensation of these intriguing systems for device applications has
not been explored. Here, the CDW-induced collective driven of non-equilibrium carriers in a field-effect transistor has
been demonstrated for the sensitive photodetection at the highly-pursuit terahertz band. We show that the 2H-TaSe,-based
photodetector exhibits a fast photoresponse, as short as 14 ps, and a responsivity of over 27 V/W at room temperature. The
fast response time, relative high responsivity and ease of fabrication of these devices yields a new prospect of exploring
CDW condensate in TMDs with the aim of overcoming the existing limitations for a variety of practical applications at THz

spectral range.

Keywords: terahertz detection, transition metal dichalcogenides, photoconductive
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1. Introduction

The terahertz band, which is loosely defined as the elec-
tromagnetic frequency ranged from 0.1 THz to 10 THz, has
found many unique properties, such as highly penetrable to
non-metallic/polar materials, non-invasive due to its low en-
ergy, and especially commensurate with spectroscopic re-
gion of rotational and vibration modes of many biomedi-
cal molecules. Therefore, THz techniques have recently re-
ceived considerable interest in the the study of biodetection,!!!
stand-off spectroscopy for security screening, >~ space-based
observatory,>®) and many other fields. Despite the vast
amount of promising applications, generation and detection at
THz band is limited by the development of microwave and in-
frared technology.

To convert THz light into an electrical signal, a series of
methods have been delineated within the capability of satisfy-
ing peculiar circumstances. Typically, the direct detection of
the thermal radiation within the so-called thermal detectors in
the forms of the bolometer, ] pyroelectric detector, 8] and Go-
lay cell have been historically rendered as classical schemes
with continuous achievements thanks to the progress of ma-

DOI: 10.1088/1674-1056/28/4/046802

terial science and nanotechnology. Principally, for a thermal-
based detector, the incident radiation is absorbed to change
the material temperature. The resultant change in some physi-
cal property is used to generate electrical output. In pyroelec-
tric detectors, a change in the internal electrical polarization
is measured, whereas in the case of bolometer a change in the
electrical resistance is measured. However, deep cryogenic-
cooling or even refrigeration cooling at temperature below
4.2 K is needed in the state-of-art thermal-based detector, suf-
fering from a slow response time (at about 1072 s~ 1073 s),
which impedes the widespread application for practical us-
ages.

Field-effect transistors (FETs) host a two-dimensional
electron gas with high electron mobility and have proven
to be potential candidates for room temperature applica-
tions due to their high sensitivity, low noise and simplicity
of integration.[®!%1 A field effect transistor with nanometer
length gate can support collective electron oscillation-plasma
wave, which is similar with other electronic-based devices,
producing nonlinear rectification of THz field. The appear-
ance of van der Waals materials, such as graphene and tran-
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sition metal dichalcogenides (TMDs) offers new opportuni-
ties as groundbreaking materials with extraordinary optoelec-
tronic properties that allow unprecedented integration of two-
dimensional channel with ultrahigh mobility with the aim of
both plasma waves and photothermoelectric THz detection at
room temperature.l!'] A recent study has shown that coopera-
tive behavior in TMDs caused by the condensate of strong cor-
related interaction can be controlled either electrically or op-
tically, offering substantiate routes to build suitable principle
for THz detection. Unlike the plasma wave effect, charge den-
sity waves, as an alternate collective order of electronic recon-
struction caused by the periodic lattice distortion under strong
electron—phonon coupling, can carry a charge current in a col-
lective fashion. Therefore, the complete control of such many-
body state will revolutionize photon absorption and its energy
conversion. Among such materials, the 2H-TaSe; could be
a canonical system due to its clear phase diagram in the ab-
sence of compete from superconducting transition and Mott
state.['?] This material exhibits normal metallic state at room
temperature, and a second-order near commensurate ordered
phase at 122 K, with the capability of overcoming the bottle-
neck of higher temperature operation in thermal detectors. In
this work, we show on multilayer transistors, with 2H-TaSe;
as the active channel, displaying a rapid response time and
relative high responsivity at THz band. The results of the pro-
posed charge density wave transistors can be further optimized
to meet the practical applications of high-performance pho-
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todetectors and represent an important guide to explore many-
body states for the next generation of condensed matter re-
search and device application.

2. Device fabrication and characterization

In this experiment, multilayer 2H-TaSe, were mechani-
cally exfoliated from bulk counterpart and transferred by using
a scotch-tape method onto the Si/SiO, wafer, which is cov-
ered by a dox = 285 nm thick thermally grown oxide layer.
The channels were defined by oxygen plasma etching followed
by ultraviolet (UV) lithography and electron-beam evapora-
tion process with Cr/Au stack (8-nm Cr and 65-nm Au) to
form the drain and source electrodes after lift-off. The opti-
cal microscopic and atomic force microscope (AFM) images
of the fabricated TaSe, field effect transistor (FETSs) is shown
in Figs. 1(a) and 1(b), respectively, the thickness of 2H-TaSe,
was measured to be 60 nm. The source and drain electrodes
composed of antenna have a channel width of 6 um, and the
antenna is designed to concentrate the center terahertz field
at the center when incident terahertz radiation. Figure 1(c)
displays the Raman spectrum of a sample excited by a 532-

nm laser line in ambient environment. Here, it is obviously
seen that three peaks featured at 144.722 cm™ 1 207.892cm™ 1,
and 233.611 cm~!, which correspond to the in-plane Ejg, Epg,

and A, vibrations of 2H-TaSe;, following well with other
13]

work.!
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Fig. 1. (a) The image of the device under the microscope. (b) AFM image of the FET device. (c) The Raman spectrum of the
2H-TaSe; FET. (d) The schematic cross section and equivalent circuit of the detector.

3. Results and discussion

A cross-sectional view of the 2H-TaSe, FET and its elec-
trical connections is shown in Fig. 1(d). Then, both electrical
and photoresponse characteristics are studied within flowchart,

as shown in Fig. 2(a). The I-V characteristics of our device
were measured first with a Keithley 4200 semiconductor pa-
rameter analyzer. Due to the metallic nature of normal state,

a perfect /-V characteristic in the swept voltage range from
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—0.2 V to 0.2 V displays the linear behavior, and the resis-
tance TaSe, channel is deemed to be 160 Q. All experiments
were carried out at room temperature under atmosphere en-
vironment. The THz beam was outer-coupled via rectangu-
lar waveguide connected to the WR 9.0 VDI (Virginia Diode
Inc.) tripler, which is based upon the microwave signal gener-
ator (Agilent E8257D) to produce the fundamental frequency
tunable from 20 GHz to 40 GHz, so that the frequency can
be multiplied up to 120 GHz. The THz beam is guided to-
ward the device through an aperture and an off-axis parabolic
mirror in the form of parallel output within the beam spot
area S, = 8 cm?. Figure 2(c) shows the photocurrent (/) re-
sponse versus incident power P, under 40-GHz electromag-
netic radiation, which exhibits excellent linear relationship
whenever the device is under zero bias or under finite bias
voltage. Therefore, the CDW detector studied here can be ren-
dered as a power detector, the response of which is depending
unambiguously on the electric field intensity |E|*>. Further-
more, the bolometric mechanism which is widely recognized
with the scheme in similar with those depends on the meal-
insulator phase transition in Mott insulator, e.g., VO,, can be

ruled out here. This consensus is supported well by the oppo-
site trend between experimental results and the routinely de-
fined bolometric effect. Typically, for 2H-TaSe;, the metallic
behavior of the normal state dominates at room temperature,
which predicts the increased resistance under heating by pho-
ton absorption, and ultimately leads to the bolometric effect.
Whereas, the channel resistance of the detector under impulse
electromagnetic excitation in Fig. 2(b) is counter-intuitively
since the resistance is dropped when the device is under elec-
tromagnetic radiation, strongly hints the non-bolometric ori-
gin. Thus, the number of carriers is increased in the chan-
nel, meaning that the unfreezing of the localized carriers at the
metal-TaSe; interface. Such phenomenon has been confirmed
well by the power-dependent properties of response at all bias
range, meaning the good linear behavior of power absorption
for the non-equilibrium carrier diffusion. In the case of tera-
hertz radiation and zero bias, it is shown in Fig. 2(d) that the
photocurrent is relatively stable even when the modulation fre-
quency is between 0 kHz and 20 kHz, which is sufficiently fast
for real-time imaging due to the fast renormalization of CDW
transition.
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Fig. 2. (a) Detection of terahertz radiation using a home-built experimental setup. (b) /-V curve of the device. (c) The photoresponse versus
incident power P, under 40-GHz electromagnetic radiation. (d) The relationship between photoresponse and modulation frequency under

0.12-THz terahertz radiation at zero bias.

To elucidate more clearly the performance of CDW de-
vice, the voltage/current responsivity is calculated with the
following relationship:

Ry = Iphsr/Pn, Pxgp = Vn/Ry,['Y

where r is the resistance, Py = PoutxSa/Sp is the incident
power onto the device, here Sp (= 0.18 mm?) and Sy, (= 8 cm?)
are the total area of the device including the area of antenna
and bonding pad, efc., and the beam spot area determined by
optical path, respectively, Py is the output power of signal

generation (30 mW for 40 GHz and 6 mW for 120 GHz). Fig-
ure 3(a) displays the bias-dependence of the photoconductive
responsivity for the device. The small image on the upper left
is the spectrum response of the detector, and we chose the peak
with a higher frequency during the test. When the device is at
zero bias, the responsivity is approximately 1.5 V/W, whereas
the signal is enlarged by an order of magnitude within only
80-mV bias applied across the source and drain. Therefore,
this large inherent gain may originate from the enhanced in-
jection of non-equilibrium carrier facilitated by the broken of
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inversion symmetry under electric bias. The incident power is
estimated on the basis of the total antenna aperture including
contact pads, being obviously much larger than the active area
of the detector, signifying that the present responsivity Ry up
to 27 V/W is only a lower limit. Table 1 compares the re-
sponsivity of the fabricated device with that of other detectors,
reflecting that the detector’s responsivity is relatively high, but
can still be further enhanced.

Table 1. Performance parameters of some terahertz detectors.

Description Responsivity  Frequency/THz
Bilayergraphene field-effect transistor® 30 VIW 0.33
1T-Ta$S, photodetector® 1 A/W 0.3
BP-based FET¢ 0.15 V/IW 0.29
hBN-BP-hBNNanodetector 2VIW 0.26-0.37
2H-TaSe; FET 27 VIW 0.12

aRef. [15], PRef. [16], °Ref. [17], IRef. [18].

To fully assess the sensitivity of the detector, noise equiv-
alent power (Pygp) extracted from the ratio Vn/Ry is an-
other important quality factor. It has been assumed that the
main contribution of the noise figure is the thermal Johnson—
Nyquist noise (N, ), and Vy is described by the following equa-
tion:

- 107

(@) 5o

Z10 0? o

20} 009 10°° =

Ig 101 o566 tio 1 Oo EN
> Frequency/GHz & @ J10-9 =
S of =
> =
Q?—lO' _ ) J10-10 Z

._.33 ®-00¢ a8
—20r "o

o
_30u . L L +l1g-11

—80 —40 0 40 80

Bias voltage/mV
(c) 2.5
3
< 2.0
= [5><Dl
£
5 1.5F
3
=
s 1.0
@)
0.5 L . .
—1.0 -0.5 0 0.5 1.0

Gate voltage/V

VN = \/4kBT}’,[l4]

where kg is the Boltzmann constant, 7 = 300 K, r is the resis-
tance of the device. The Pygp of this CDW detector achieves a
minimum level of 0.1 nW/Hz% 11 being superior to the other
graphene-based ones.

In addition to the sensitivity, the response time is also
crucial to practical applications. Therefore, the time resolved
photocurrent was also measured, as shown in Fig. 3(b) under
0.12-THz radiation with fast on/off modulation at 1000 Hz. As
can be seen from Fig. 3(b), the response time which is defined
as the signal growing from 10% up to 90% on rising edge of
the signal or analogously on the falling edge,**! is doomed to
be 14 ps (at all bias range) showing the excellent stability and
fast operability of the device. The phototransistor based on
2H-TaSe; herein is within metal-semiconductor—metal planer
structure. When photons are impinging on the semiconductor
channel, photocarriers can be generated following the electro-
magnetic process, due to the nonequilibrium diffusion from
metal to TaSe, channel assisted by the electrical bias. There-
fore, unilateral flow of photocurrent will be generated along
with the fast and reversible process of electromagnetic inter-
action.
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Fig. 3. (a) The spectrum response, responsivity, and Pygp of the device under 120-GHz radiation. (b) The rise time of the terahertz detector
when applied an 80-mV bias. (c) The I3—Vs curve and the structure of the 2H-TaSe, photodetector. (d) Ippoo varies with the gate voltage,

when the bias between the source and the drain is fixed at 10 mV.

Furthermore, it has been reported previously that top-
gated configurations are critical for suppressing Coulomb scat-
tering in TMDs (e.g., M0oS;) channels, which can be useful for
low-power operation, as well as the feasibility for tuning the
electronic and optoelectronics properties. [>=23! Especially, re-
cent studies have revealed the essential role of electrostatic
doping in tuning the strong correlation interaction in TMDs

due to their two-dimensional nature, opening up the possibil-

ity in uncovering intriguing phenomena of condensed matter
physics and device applications. To better understand the role
of gating effect, we have also tried to prepare the top gate con-
figuration in order to tuning the absorption and conductivity
of 2H-TaSe, within a few additional processing steps. On
the basis of above-mentioned MSM structure, a 30-nm Al,O3
layer was deposited as a dielectric layer on 2H-TaSe, through
atomic layer deposition (ALD) at about 300 °C, and the gate
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fingers are aligned by electron—beam lithography. It can be
found from Fig. 3(c) that the source—drain current Isp changes
from 2.3 pA to about 0.8 pA, when the gate voltage varies
from —1 V to 1 V under only 10-mV Vpg bias. Figure 3(d)
displays the gate-dependent photocurrent under 0.04-THz ra-
diation, which shows decreased tendency under positive gate
voltage following well the I3—V; character in Fig. 3(c). This
gate tunability of photocurrent experiences a significant de-
parture from the previous graphene counterpart, where either
polarity inversion or extreme value of photoresponse exists at
the threshold bias point. The polarity inversion, or in other
words, the change of direction of photocurrent is attributable
to the photothermoelectric or plasma wave rectification pro-
cess following the plasma theory proposed. Whereas, both of
these phenomena are absent in CDW FET, and only decreased
trend can be found when approaching to the threshold voltage.
Therefore, the photocurrent appear in CDWFET is beyond the
driving force of plasma wave or the photothermoelectric ef-
fect. While it is still reasonable to see that the free electron
absorption of normal states dominant and it drops obviously
under positive gate voltage, leading to the decreased energy
conversion efficiency. In the binary transition metal chalco-
genide compound, when the electrons and the crystal lattice
are periodically modulated, a charge density wave is gener-
ated, which significantly changes the electrical and thermal
properties of the compound. The interior correlation between
CDW state and normal state change significantly the transport
property of a single device, which departs obviously from the
Fermi liquid behavior and ultimately exhibiting significant dif-
ference in gate voltage dependence of photocurrent.

4. Conclusion

In summary, we have achieved a room temperature pho-
todetector with a fast response in a 2H-TaSe,-based terahertz
system. By integrating with a logarithmic antenna, the respon-
sivity exceeds 27 V/W and the response time can reach 14 pus.
The reported device has room-temperature capability, fast re-
sponse, relative high responsivity, and shows great potential to

compete with other established detector technologies, reflect-
ing the unique properties of two-dimensional TMDs in optical
and electrical devices, in flexible transistors, flexible LED de-

vices, sensors, optoelectronic devices and energy storage, and

thus have great application prospects. >l
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