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ABSTRACT: The charge density wave (CDW) phase is a
macroscopic quantum state with periodic charge density modu-
lation accompanied by periodic lattice distortion in low-dimen-
sional metals. External fields, such as an electric field and optical
excitation, can trigger the transitions among different CDW states,
leaving an under-explored mechanism and attracting great interest
toward optoelectronic applications. Here, we explore a photo- ea
induced phase transition in 1T-TaS, under an electrical field. By W/ Feenee
analyzing the phase transition probability, we obtained a linear
dependence of the phase transition barrier on the electric field and
laser energy density. Additionally, the threshold laser energy for the
phase transition decreases linearly with an increasing applied electrical field. Finally, picojoule photodetection was realized in the
visible and near-infrared ranges near the CDW transition edge. Our work will promote the understanding of the CDW phase
transition mechanism as well as open pathways for optoelectronic applications.
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he charge density wave (CDW) is a symmetry-broken phase transition at room temperature in 1T-TaS, with a sharp

state with a band gap opening caused by electron— transition edge®*” is also promising for ultrasensitive uncooled
phonon or electron—electron interactions in metals.”” Differ- photodetection."”
ent from ordinary metals where only single-particle excitation In this report, we investigated an optical-pulse-triggered
exists, there are collective excitations in the CDW systems,"” nearly commensurate CDW (NCCDW) to incommensurate
which hold great potential for electronic and optoelectronic CDW (ICCDW) phase transition in 1T-Ta$S, near the electric-
applications,3_12 such as high-energy radiation-immune and field-driven phase transition edge. Measurement of the phase
nontransistor electronics,” ™" photodetectors,u’12 and so on. transition probability under an electric field and light
Layered transition metal dichalcogenide tantalum disulfide illumination reveals a linear dependence of the phase transition
(1T-TaS,) undergoes different CDW orders by decreasing the energy barrier on the electric field and laser energy density.
temperature, which are various equilibrium states with energy The slope of the phase transition barrier to the photon flux

density at a laser wavelength of 532 nm was 5 times steeper
than that at 1064 nm, which indicates a wavelength-dependent
photoinduced phase transition mechanism. Finally, by setting
the bias voltage close to the phase transition edge, picojoule
photodetection in visible and near-infrared ranges was
achieved in this CDW transition edge photodetector.

Figure la shows the structure of the 1T-TaS, layer, which
consists of a Ta layer sandwiched between two S layers, and
each Ta atom is coordinated octahedrally by six S atoms.****

barriers among them.® External perturbation, such as electric
fields and light stimulation, can drive the phase transitions
among various CDW states, ¥ 3722 leaving the debate about
whether the mechanism of self-heating is negligible or
not.' 1723726 Although phase transition under both electric
field and light12’26 was investigated in 1T-TaS,, more
quantitative information is highly needed.

Phase transitions with a steep resistance change hold great
potential for photodetection, for example, superconductor—
normal metal transition for single-photon detection,”” >’

insulator—metal transition in VO, for highly sensitive thermal Received:  June 23, 2020
irradiation detection,””*' and so on. In the phase-transition- Revised:  August S, 2020
based photodetection, the device temperature is set near the Published: August S, 2020

phase transition temperature, in which photon absorption can
greatly change the resistance of the materials, and hence it
shows ultrahigh photosensitivity. The electrically driven CDW
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Figure 1. Optical-pulse-induced CDW transitions near the transition edge in 1T-TaS,. (a) Device structure of 1T-TaS, and schematic illustration
of photodetection near the CDW transition edge. (b) Electrically driven phase transition between NCCDW and ICCDW states. Inset: Microscopic
structure of the high-resistance (HR) NCCDW state and the low-resistance (LR) ICCDW state. The middle inset image is an atomic force
microscopy image of the device, showing a thickness of 9.8 nm. (c) Photodetection near the transition edge under a 532 nm pulsed laser (pulse
width of 1.3 ns, pulse energy of 0.216 pJ/um?, 1 kHz repetition rate). Top panel: Voltage waveform. Bottom panel: Resistance curves with and
without pulsed light illumination. Inset: Zoomed-in curve near the resistance drop.
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Figure 2. Laser-energy-density-dependent CDW phase transitions at an electric field of 13.8 kV/cm. (a) Photoinduced phase transitions when
applying laser pulses (532 nm, pulse width of 1.3 ns) of different energy densities (U). The resistance change down to <150 Q was from
photoinduced phase transitions. (b) Counts of the waveforms with phase transitions (N = 941, 939, 936, and 921 from top to bottom). The
photoinduced phase transition occurred at around 90 ys. (c) Plot of phase transition probability (p) against energy density (U) of the applied laser
pulse. (d) Linear fitting of In[—In(1 — p)] to U. The energy density at In[—In(1 — p)] = 0 (i.e, p = 1 — 1/e) is defined as the threshold laser energy

density Uy,.

Figure 1b shows a typical I-V characteristic of 1T-TaS,, which
displays the electrically induced phase transition from the
NCCDW to the ICCDW state with a sharp decrease of the
resistance of about 30% at a threshold voltage, V;, of 970 mV
(corresponding to an electric field of ~14.7 kV/cm). When the
voltage swept back, the LR state recovered with a lower
threshold voltage, V;, of 920 mV; that is, there was a hysteresis
window.

When a bias voltage of 911 mV was set below the threshold
voltage (Vi = 923 mV; note that the threshold voltage shifted
in comparison to that in the static I-V sweep shown in Figure
1b), there was no resistance change under dark conditions (the
blue curve in Figure 1c). After a laser pulse was applied (532
nm, 1.3 ns pulse, energy density of 0.216 pJ/um?), a resistance
jump from 175 to 142 € was observed at the time when the
laser pulse was applied (the red curve in Figure 1c). This
energy density (sub pJ/um?) for triggering the CDW phase
transition under an electric field in 1T-Ta$S, is much lower than
that needed for the CDW phase transition without an electric
field (~10 pJ/um?)."*>
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Due to the hysteresis of the phase transition, the device
could not recover to the HR state after the light pulse was
removed. A reset voltage of 776 mV (lower than V| of 895
mV) was applied to reset the device to the initial HR state. The
single-pulse-triggered resistance falling time was about 3 us
(see inset of Figure 1c), several orders longer than the reported
time scale (femtoseconds to nanoseconds) for photoinduced
CDW phase transitions without an electric field in 1T-
TaS,.'”*>* This resistance falling time is at the same time
scale as that observed in 1T-TaS,-based oscillators.”'’ A
possible explanation is that the phase transition was initiated at
a point location in which a longer time (time scale of
microseconds or more) was needed for the avalanche process
to form a LR conducting channel, similar to that in electrically
driven insulator—metal phase transition in VO,.””*"

The phase transition probability, defined as the waveforms
with phase transitions divided by the total sampled waveforms,
changed with the light energy density (Figure 2a). As the
energy density of the laser pulse increased from 0.204 to 0.231
pJ/um? the photoinduced phase transition probability
increased nonlinearly from 0.069 to 0.869 (Figure 2a—c).

https://dx.doi.org/10.1021/acs.nanolett.0c02613
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Figure 3. Photodetection at different bias voltages under 532 nm light pulses. (a) Plot of phase transition probability (p) against energy density of
the laser pulse (U) at various bias voltages. Dashed colored lines are guides for the eyes. (b) Linear fitting of In[—In(1 — p)] versus U at different
bias voltages. Inset: Fitted slopes at different bias voltages. (c) Phase transition probability in dark condition. Inset: In[—In(1 — p)] can be fitted
linearly with the electric field in dark conditions. (d) Threshold laser energy Uy,*S and phase transition dark count rate (DCR) at different bias

voltage. S is the channel area of the device (~5 um? for this device).

The phase transition always occurred at the time when the
laser pulses were applied (Figure 2b), confirming that all of
these phase transitions were triggered by the laser pulses.

Considering the finite width (1.3 ns) of the laser pulse and
the irreversibility of the phase transition during one single
pulse duration, the observed phase transition probability, p,
was not proportional to the average phase transition
probability per unit of time. If the phase transition was
reversible, multiple phase transitions would occur and the
phase transition events within a single laser pulse duration
would obey Poisson distribution. Further analysis (see
Supporting Information Figure S1) shows that the zero-
phase transition probability, 1 — p, is related to the phase
transition energy barrier AG*:

In[-In(1 — p)] = A — AG*/k,T (1)

where A is a constant, kg is the Boltzmann constant, and T is
the temperature in kelvin (T = 300 K).

The experimentally observed dependence of In[—In(1 — p)]
on the light energy density U showed a linear behavior (Figure
2d). This indicates that the phase transition energy barrier
decreases linearly with the increasing energy density of the
laser pulse. The fitted slope for In[—In(1 — p)] on U was 128
um?/p]J, corresponding to an energy barrier decrease of 128
ksT per pJ/um* of light energy. Further, a threshold laser
energy density, Uy, was defined as the laser energy at In[—In(1
—p)] =0 (i.e., p=1— 1/e). For the device shown in Figure 2,
the Uy, was 0.226 pJ/um? under an applied voltage of 911 mV
(Vi of 923 mV).

The experimentally observed linear dependence of the
energy barrier as a function of laser energy density is consistent
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with a recent calculation for the mechanism of the photodriven
CDW phase transition in 1T-TaS,. In the calculation, light
generates charge carriers in 1T-TaS,, and the energy difference
between the two phases is decreases linearly to the photon
density.”> We also calculated the energy difference between the
CCDW phase and normal metal phases of 1T-Ta$S, under light
excitation at E = 0 (see Supporting Information Figure S2).
Calculation showed that, without an electric field, the energy
difference between the CCDW state and the normal metal
state of 1T-TaS$, decreased as light energy density increased. In
a narrow range of light energy, the energy difference changes
quasi-linearly to the light energy.

The photoinduced phase transition probability was also
measured at different bias voltages (Figure 3). The phase
transition probabilities against the energy density of the laser
pulse showed similar behavior at different bias voltages: p
increased nonlinearly with increasing U (Figure 3a) and
In[—In(1 — p)] changed linearly with similar slopes (127 + 12
um?/p]J, Figure 3b). This indicates that the phase transition
energy barrier changes similarly with the energy density of the
laser pulse at different electric fields.

The phase transition probability in dark conditions increased
as the bias voltage increased (Figure 3c). The phase transition
under dark conditions, which was a spontaneous process,
occurred at random time positions as expected (Supporting
Information Figure S3). The In[—In(1 — p)] against the
applied voltage under dark conditions can be fitted linearly,
yielding a slope of 53 ecm/kV. This slope suggests that the
phase transition energy barrier changes linearly to the electric
field with a coeflicient of 53 kgT per kV/cm.

https://dx.doi.org/10.1021/acs.nanolett.0c02613
Nano Lett. 2020, 20, 6725—-6731
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Figure 4. Photodetection near the CDW phase transition edge under 1064 nm light pulses. (a) Phase transition probability p versus laser energy
density U (1064 nm, 1.3 ns) at various bias voltages for a 1T-Ta$S, device with V}; of 615 mV (see device information in Supporting Information
Figure S4). Colored dashed lines are guides for the eyes. (b) Linear fitting of In[—In(1 — p)] versus U at different bias voltages. Inset: Slopes of the
fitted lines at different bias voltages. (c) Voltage-dependent phase transition probability under dark conditions. Inset: Linear fitting of In[—In(1 —
p)] to the electric field. (d) Voltage-dependent threshold laser energy and phase transition dark count rate.

a b= c

N
2G* E +
S 96 Py L S 7
AGo* gm. _______ b _.8S 1
g @ 10
o b 18 4
T +5-t| 3
3 1 f e o
) »
<0 .
=14 i DE ¢ 8
= 1. *‘ ______ 3.0 e * oo
) .
§ 2] 14 { * vy & s
< ) L 2
> 3 ""“.é.\3
A 1 ug
® 4
0 2 4 6 8 10 -30 -25 -20 15 10 -5 0

Device numbers

Voias™ Vi (MV)
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and 7—9 were measured under 532 and 1064 nm illumination, respectively.

The threshold laser energy to achieve a phase transition
probability of p = 1 — 1/e, which is equal to Uy*S (S is the
device area), is used as the photosensitivity parameter of the
devices (Figure 3d, top panel). As the applied voltage increased
from 895 to 915 mV, Uy, *S decreased from ~1.4 to ~1.1 pJ;
that is, less light energy was needed to drive the phase
transition as the bias voltage was closer to the CDW phase
transition edge. At the bias voltage of 915 mV (8 mV from the
Vu of 923 mV), the photosensitivity of this CDW phase
transition photodetector was about 1.1 p]. The phase transition
dark count rate was about 29 Hz at the bias voltage of 915 mV
(Figure 3d, bottom panel).

The photoinduced phase transition near the transition edge
of 1T-Ta$, was also investigated under NIR laser pulses (1064
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nm, pulse width of 1.3 ns). The phase transition behavior was
similar to that observed under 532 nm laser pulses. The
transition probability p increased nonlinearly as the energy
density of the laser pulse (Figure 4a) and the fitting of
In[—In(1 — p)] to the energy density were linear with similar
slopes (44 + 8 um?/pJ) (Figure 4b). The phase transition
probability under dark conditions increased from 0.004 to
0.984 when the bias voltage increased from 601 to 614 mV
(Figure 4c). The threshold laser energy, Uy, *S, decreased with
increasing the electric field (see Figure 4d), reaching 4.9 pJ at
598 mV (about 17 mV from Vj of 615 mV). The phase
transition dark count rate was about 80 Hz at 598 mV.

The phase transition probability measurement reveals a
linear dependence of the phase transition energy barrier to the

https://dx.doi.org/10.1021/acs.nanolett.0c02613
Nano Lett. 2020, 20, 6725—-6731
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electric field and the light energy density. No obvious cross-
correlation is observed between the electric field and light
illumination. Then the phase transition barrier, AG*, as a
function of the electric field, E, and the light energy density, U,
can be plotted, which is a plane (Figure Sa) in the E-U—AG*
space. The slope of AG*—E in the plane of U = 0 is denoted as
a. The slope a is the energy barrier change coeflicient to the
electric field and is measured from the phase transition
probability in dark conditions. The slope of AG*—U in the
plane with a fixed E is denoted as . The slope f is the energy
barrier change coefficient to the light energy density and
measured from the phase transition probability under light
illumination at the electric field E. Experiments on more
devices give an average @ value of —1.4 + 0.5 eV-(kV/cm)™
(Figure Sb, bottom panel). The measured f values were —2.6
+ 2.2 and —0.98 + 0.14 eV-(pJ/um*)™" [corresponding to
—9.6 + 8.1 and —1.8 + 0.3 eV-(10° photon/um?)™*], at 532
and 1064 nm light illuminations, respectively (Figure Sb, top
panel).

According to the mechanisms of the photoinduced CDW
phase transition without an electric field in 1T-TaS,, the
photons excite electrons to the conduction band and stabilize
the normal metal state.”® Based on this, the phase transition
barrier should be proportional to the photon density without
light wavelength dependence.”* However, the AG*—U slope
(i.e., the 8 coefficient) at 532 nm is S times steeper than that at
1064 nm. This indicates that the energy barrier decreases faster
at 532 nm illumination, and hence a wavelength-dependent
photoinduced phase transition mechanism near the CDW
transition edge should be expected. Considering the high
electric field (~10 kV/cm) near the electrically driven phase
transition edge, there may be carrier multiplication."> For short
wavelength (532 nm) light irradiation, the high-energy photon-
excited electrons in the conduction band may lead to more
carrier multiplication under an electric field, resulting in a
larger change coeflicient of the energy barrier.

The photosensitivity for different devices is shown in Figure
Sc. The photosensitivity of different devices varies from 1.1 to
12 pJ. As the bias voltage increases close to the CDW
transition edge, Vi, the threshold laser energy density
decreases almost linearly. The best device in our experiments
shows a photosensitivity of 1.1 pJ at 4 mV from the transition
edge under 532 nm illumination and 2.5 pJ at 3 mV from the
transition edge under 1064 nm illumination. Considering that
the electrically driven phase transition in Mott insulators is
usually triggered at a point location,”® the actual light power
needed to trigger the phase transition in 1T-TaS, should be
much lower.

To summarize, we have investigated the photoinduced
CDW phase transition behavior near the electrically driven
NCCDW-ICCDW transition edge in 1T-TaS,. The phase
transition energy barrier was revealed to be linear to the
electric field and the light energy density. The slope of the
phase transition barrier to the photon flux density at a laser
wavelength of 532 nm was 5 times steeper than that at 1064
nm, which indicates more multiplication of the photoinduced
carriers for high-energy photons near the CDW transition
edge. The CDW-based photodetector near the phase transition
edge was demonstrated. At the bias voltage of a few millivolts
away from the transition edge, picojoule photodetection was
achieved in visible and near-infrared ranges. Closer approach of
the bias voltage to the CDW transition edge could further
enhance the photosensitivity. Though far from optimized, our
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findings greatly promote the understanding on the CDW phase
transition mechanism in tantalum disulfide under external
fields and sheds new light on uncooled ultrasensitive
photodetectors.

B METHODS

Device Fabrication. High-quality 1T-TaS, thin flakes
(~20 nm) were obtained by mechanical exfoliation from the
bulk single crystals onto a SiO,/Si (300 nm oxide) wafer in a
glovebox. Optical contrast (Olympus BXS3) was used to
identify the thin flakes. Metal electrodes (Cr/Au, 8 nm/80
nm) were patterned using a standard electron-beam lithog-
raphy process and deposited by an electronic beam
evaporation. To protect the sample from oxidation, air
exposure was minimized during the fabrication process. Atomic
force microscopy (AFM) imaging was performed on a
commercial AFM system (MFP-3D Infinity, Asylum Research)
in the atmospheric circumstance with the tapping mode.

Optoelectronic Measurement. The measurement was
performed in the vacuum chamber of a Lakeshore probe
station (Lakeshore TTP4). The static -V characteristics were
obtained by a semiconductor parameter analyzer (Keithley
4200-SCS, Tektronix). The electric voltage pulses were
supplied by an arbitrary function generator (AFG 1062,
Tektronix Inc.), and the data were collected by a digit
multimeter (DMM 7510, Tektronix). We used trapezoid-wave
voltage pulses with 25 ys rise time (channel 1) at a frequency
of 1 kHz on 1T-TaS, devices. Another 1 kHz square-wave
voltage pulse (channel 2) was used to trigger pulse lasers at the
same frequency. For the optical measurements, a 514 nm
pulsed laser with pulse width of 1.3 ns (product# MPL-I11-532,
Changchun New Industries Optoelectronics Tech. Co., Ltd.,
China) and a 1064 nm pulsed laser with pulse width of 1.3 ns
(MPL-I11-1064, Changchun New Industries Optoelectronics
Tech. Co., Ltd., China) were introduced into the probe station
for light illumination on 1T-TaS, devices. Tunable neutral
density filters (NDC-S0C-4M-A for 532 nm laser, NDC-50C-4
M for 1064 nm laser, Thorlabs) were used to tune the laser
power on the devices.
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