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ABSTRACT

We report on the current oscillations in quasi-2D 1T-TaS2 charge-density-wave two-dimensional devices. The MHz-frequency range of the
oscillations and the linear dependence of the frequency of the oscillations on the current closely resemble the narrow band noise, which was
often observed in the classical bulk quasi-1D trichalcogenide charge-density-wave materials. In bulk quasi-1D materials, the narrow
band noise was interpreted as direct evidence of charge-density-wave sliding. Despite the similarities, we argue that the nature of the MHz
oscillations in 1T-TaS2 is different from the narrow band noise. Analysis of the biasing conditions and current indicates that the observed
oscillations are related to the current instabilities due to the voltage-induced transition from the nearly commensurate to incommensurate
charge-density-wave phase.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007043

It is well known since the mid-20th century that some materials,
usually metals, with quasi-one-dimensional (1D) crystal structure can
form the charge-density-wave (CDW) state.1 Examples of such materi-
als, many of them transition metal trichalcogenides (TMTs), include
NbS3 and TaS3. A large number of interesting CDW-related effects
have been observed experimentally and studied theoretically.1–9 They
include nonlinear electrical conductivity, phase transitions induced by
temperature and electric field, and de-pinning and sliding of CDWs
under applied electric bias. One of the most interesting phenomena
observed for quasi-1D bulk CDW materials was the narrow band
noise.2–9 It was found that at a critical bias voltage VT corresponding
to a critical electric field, the noise spectrum in the low MHz frequency
range reveals one or several peaks. The effect was associated with the
de-pinning and sliding of the CDWs. The peaks in the noise spectra
were interpreted as an indication of the periodic current oscillations
due to the collective current of the sliding CDW. The term “noise” in

the present context of periodic oscillations is not quite correct.1

However, it has been used extensively in literature, and we mention it
here for a historic prospect.

The studies of the current oscillations, i.e., narrow band noise, in
bulk 1D CDW materials observed a linear relationship between the
frequency, f, and the collective, i.e., excess, current, ICDW ¼ I � IN,
attributed to the CDW sliding, where I is the total measured current
and IN is the conventional current due to free electrons, extracted from
Ohm’s law. The linear relationship was explained by the assumption
that f is proportional to the CDW drift velocity, vD, so that f ¼ vD/K,
where K is the characteristic distance.2,3 Since ICDW¼ nefKA, where n
is the charge carrier density, e is the charge of an electron, and A is the
cross-sectional area of the sample, one can write for the frequency
f ¼ (1/neKA) � ICDW.

1 Other models, with more material specificity,
resulted in a similar relationship between the frequency and current.
The observation of the narrow band noise was interpreted as the direct
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evidence of the CDW current, which arises from the sliding of CDWs.
The narrow band noise was also related to a special new type of insta-
bility and negative differential dielectric constant.

Recent years witnessed a rebirth of the CDW field.10–20 It has
been associated, from one side, with the interest in layered quasi-two-
dimensional (2D) van der Waals materials and, from another side,
with the realization that some of these materials reveal CDW effects at
room temperature (RT) and above.16 Examples of these materials,
many of them transition metal dichalcogenides (TMDs), include the
1T polymorphs of TaS2 and TaSe2. The most interesting 2D layered
TMDwith CDW properties is the 1T polymorph of TaS2. It undergoes
the transition from a normal metallic phase to an incommensurate
CDW (IC-CDW) phase at 545K, then to a nearly commensurate
CDW (NC-CDW) phase at 350K, and, finally, to a commensurate
CDW (C-CDW) phase at �200K.10–16 The C-CDW phase consists of
a �13 � �13-reconstruction within the basal plane that forms a star-
like pattern, in which each star contains 13 Ta atoms. The Fermi
surface, composed of 1D-electron per star, is unstable. The lattice
reconstruction is accompanied by a Mott–Hubbard transition that
gaps the Fermi surface and increases the resistance.

As the temperature increases, the C-CDW phase breaks up into
the NC-CDW phase, which consists of the C-CDW domains. The
C-CDW to NC-CDW transition is revealed as an abrupt change in the
resistance with a large hysteresis window in the resistance profile at
�200K. As the temperature is increased to �350K, the NC-CDW
phase melts into the I-CDW phase. This transition is accompanied by
a smaller hysteresis window in the resistivity. It has been conformed in
numerous studies that 1T-TaS2-quasi-2D CDW quantum material—
reveals numerous intriguing properties, including multiple phase tran-
sitions, accompanied by resistance change and hysteresis, dependence
of the phase transition points on the number of atomic planes, and
“hidden” phases at low temperature.10–16 Intercalation, doping, pres-
sure, optical excitation, and electric source–drain bias can modify the
transitions to different CDW phases in 1T-TaS2. The demonstrated
RT operation of CDW oscillators,16 possible transistor-less circuits on
the basis of CDW devices,17,18 and intriguing radiation hardness
against x-ray and protons19,20 moved 2D CDW research into the
domain of applied physics and practical applications.

Despite the strong interest in 1T-TaS2 and other 2D materials,
narrow band noise has never been observed in such materials. The
current fluctuations, i.e., narrow band noise, which was interpreted as
a direct evidence of CDW de-pinning and sliding in “classical” bulk
quasi-1D CDWmaterials,1–9 is missing in the “new generation” quasi-
2D CDWmaterials. In our previous studies of 1T-TaS2, we focused on
the low-frequency noise, termed the “broad band noise” in the CDW
community,1 conducting measurements from 1Hz to �100 kHz.21–23
We observed peaks in the noise spectral density as a function of bias at
the frequencies below 100 kHz, which were related to the CDW phase
transitions, de-pinning, and possible “hidden phases.”21–23 However,
no current fluctuations, i.e., narrow band noise in the MHz or other
spectral range, have ever been reported for 1T-TaS2 or other quasi-2D
CDW materials. In this letter, we report an observation of current
fluctuations in 1T-TaS2 in the MHz frequency range, which have a
striking similarity to the narrow band noise in the quasi-1D CDW
materials such as NbS3. In contrast to the quasi-1D materials, we find
that the noise peaks in the quasi-2D CDW test structures can be
explained by the hysteresis at the IC-CDW–NC-CDW phase

transitions rather than by sliding of CDWs. We offer a possible expla-
nation for the absence of the true narrow band noise in quasi-2D
CDWmaterials.

Thin films of crystalline 1T-TaS2 were mechanically exfoliated
and transferred to SiO2/Si substrates. The thickness of SiO2 layer was
always 300 nm. The metal Ti/Au contacts were evaporated through a
shadow mask to avoid chemical contamination and oxidation during
the fabrication process. The shadow masks were fabricated using
double-side polished Si wafers with 3lm thermally grown SiO2

(Ultrasil Corp.; 500-lm thickness; P-type; h100i). For the devices used
in the study, the 1T-TaS2 thickness was in the range from 10nm to
50nm, the channel length was about 2lm, and the width ranged
from 10lm to 15lm. Details of fabrication of 1T-TaS2 two-terminal
devices, i.e., test structures, have been reported by us elsewhere.21,22

The current–voltage (I–V) characteristics and resistivities were mea-
sured with a semiconductor analyzer (Agilent B1500). The noise mea-
surements were conducted under DC bias voltages, VSD, in the
frequency range from 50 kHz to 2MHz. The voltage fluctuations from
the 1 kX load resistor were amplified by a low noise amplifier
(Stanford Research SR 560) and analyzed by a spectrum analyzer
(Br€uel and Kjær). The value of the load resistance was selected to be
close to that of the device under test as normally done in the noise
measurements. Since the nominal bandwidth of the amplifier (SR 560)
is 1MHz, the gain at higher frequencies was measured separately as a
function of frequency, and the actual gain at given frequency was used
to plot the spectra. More information on our noise testing protocols
can be found in prior publications.21–26

Figure 1 shows the dependence of noise spectral density, SI, on
the current through the device channel at frequency f¼ 760 kHz. To
ensure the reproducibility, the data are shown for two test structures.
The general trend is SI / I2, as one typically observes in the low-
frequency noise measurements for various materials.27,28 However,
one can notice some deviation from the I2 scaling, i.e., steeper increase
in SI with the current. At low current levels, I <8� 10�4 A, the noise

FIG. 1. Noise power spectral density, SI, as a function of the current through
1T-TaS2 device channel measured at frequency f¼ 760 kHz. The red and blue data
points correspond to two tested devices. The upper inset shows a schematic of the
two-terminal CDW devices; the lower inset shows the gain, normalized to the gain
at f¼ 30 kHz, as a function of frequency.
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spectral density, SI, had the form of the 1/f noise, i.e., SI(f)/ 1/f. As the
current increased, the spectral density became flatter, possibly indicat-
ing the increasing contribution of the generation-recombination type
noise, which has a Lorentzian spectrum. This spectrum flattening is
likely responsible for SI deviation from I2 scaling. The insets to Fig. 1
show the device schematic and the normalized dependence of the gain
on frequency.

The measurements of the noise spectral density, SI, as the func-
tion of frequency, f, at higher currents, I > 2mA, demonstrated the
peak, closely resembling the narrow band noise observed in bulk
quasi-1D CDWmaterials.1–9 Figure 2 shows the noise spectra close to
the peak for a representative device at different currents. The spectra
were obtained by normalizing the measured spectra by the amplitu-
de–frequency characteristic shown in the inset to Fig. 1. As one can
see, the frequency of the peak increases with increasing current similar
to the current dependence of the narrow band noise, reported in
numerous publications for bulk samples of quasi-1D CDW materi-
als.1–9 Each peak in Fig. 2 corresponds to the periodic current oscilla-
tions with the fundamental frequency fmax.

The dependence of the current oscillation frequency, fmax, on the
current is presented in Fig. 3. The extracted current dependence of the
oscillation frequency is close to linear. As we discussed above, the fre-
quency of the narrow band noise depends linearly on the current
according to different models, i.e., f ¼ (1/neKA) � ICDW.

1–9 In this
sense, the observed noise peaks in 1T-TaS2 devices in the MHz fre-
quency range closely resemble the narrow band noise in the bulk
quasi-1D CDW materials such as NbS3. However, there is one sub-
stantial difference with the classical narrow band noise experiments.
The current density in our experiments, at which the peaks are
observed, is on the order of 106 A/cm2, which is many orders of mag-
nitude larger than in narrow band noise experiments.1 For this reason,
the mechanism of the current oscillations in quasi-2D 1T-TaS2 might
be different.

We hypothesized that the current oscillations of a particular
frequency in the MHz regime can be not the signatures of the CDW
sliding but IC-CDW–NC-CDW phase transition similar to the one
used by the present authors for demonstration of a CDW voltage-
controlled oscillator.16 Figure 4 shows the I–V characteristic of the
same 1T-TaS2 device used to demonstrate the noise peaks. The dashed
line represents the load of the 1 kX resistor, and for one of the total
applied voltages used in the experiments. The hysteresis loop with the
on-set at 0.8V is the phase transition from NC-CDW to IC-CDW
induced by the applied electric bias to the device channel. This type of
phase transition is well known, and it has been reported in various

FIG. 2. Noise power spectral density as a function of frequency for several value of
the current through the device channel. The spectra were obtained by normalizing
the measured spectra by the amplitude-frequency characteristic shown in the inset
in Fig. 1. The peak shifts to the higher frequency fmax with the increasing current,
closely resembling the narrow band noise observed for bulk samples of quasi-1D
CDW materials. The inset shows the schematic of the measurement.

FIG. 3. Frequency, fmax, of the noise peaks as a function of the current through
1T-TaS2 device channel. The narrow band noise in bulk quasi-1D CDW materials
reveled a linear dependence of the oscillation frequency on the current. The inset
shows a microscopy image of a representative 1T-TaS2 device structure with
several metal contacts.

FIG. 4. Current–voltage characteristics of tested 1T-TaS2 device (the same as in
Fig. 2). The hysteresis loop at the bias voltage V¼ 0.9 V corresponds to the transi-
tion from the NC-CDW phase to the IC-CDW phase induced the applied electric
field. The arrows indicate the forward and reverse cycle currents.
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independent studies, including by means of the noise spectros-
copy.12,16,21 At this bias, the circuit has two working points at different
voltages and currents. The state with the smaller voltage on the sample
corresponds to the higher current. Although the details of phase tran-
sition dynamics are not well known,12 we speculate that the observed
current oscillations result from the instability at the voltages close the
phase transition hysteresis loop. This mechanism is different from the
narrow band noise observed in quasi-1D bulk CDW materials, where
it was attributed to the CDW sliding.1

The scaling of the frequency of the oscillations with the current
based on the NC-CDW–IC-CDW phase transition can be affected by
the parasitic elements of the device test structure and measurement
setup. A circuit model of the 1T-TaS2 sample, load resistance, and par-
asitic capacitance is shown in the inset of Fig. 5.16 The 1T-TaS2 is
modeled as a state-dependent resistance RD with values Rm ¼ 232.3 X
(“metallic”) and Ri ¼ 946.5 X (“insulating”). The 1T-TaS2 sample is
biased with an external load resistance, Rs ¼ 1 k X, and a parasitic
capacitance, C¼ 1.2 nF.16 The CDW transition creates a bistability
that causes the RC circuit to oscillate. The charging and discharging
equations of the circuit are

C
dVo

dt
¼

VDD � Voð Þ=RS � Vo =Ri : Charging

VDD � Voð Þ=RS � Vo=Rm : Discharging;

(
(1)

where VDD is the supply voltage and Vo is the output voltage as shown
in the inset of Fig. 5. The circuit oscillates between VL and VH defined
by the low and high voltages of the bistable region shown in Fig. 4.
The state-dependent resistance RD of the 1T-TaS2 for voltages outside
of the bistable region is

RD ¼
Ri Vo < VLð Þ
Rm Vo > VHð Þ;

(

and inside the bistable region it is

RD ¼
Ri dVo=dt > 0ð Þ
Rm dVo=dt < 0ð Þ:

(

We solved Eq. (1) numerically for VoðtÞ by discretizing the time deriva-
tive, using a time step of 2.43ns, and an initial condition Voðt ¼ 0Þ ¼ 0.
The resulting time-dependent output voltage is Fourier transformed, and
the fundamental frequency peak is plotted in Fig. 5. An example spec-
trum is shown in the upper left inset. At low currents, such as those used
in the experiment, the frequency of the fundamental peak increases line-
arly with the average DC.

The intriguing question which remains is why nobody has
observed the true narrow band noise in quasi-2D CDWTMDmateri-
als such as 1T-TaS2. One possibility can be that in devices operating
in the NC-CDW phase, the collective CDW current conduction is
always overshadowed by the conventional individual electron con-
duction because the full gapping in 1T-TaS2 is only expected at low
temperature, below the C-CDW transition. There are different opin-
ions on the importance of IC-CDW phase for observation of depin-
ning and sliding. In our previous studies of the low-frequency noise
in 1T-TaS2, we observed the signatures of depinning and sliding in
NC-CDW phase,21,22 before the onset of the NC-CDW to IC-CDW
transition. In the present study, we have not observed narrow band
noise at the bias above the hysteresis window of the NC-CDW–IC-
CDW transition. Another possibility can be that the characteristic
distance, K, in the equation for the current oscillation, f ¼ (1/neKA)
� ICDW, which can be associated with the CDW coherence length2,3

is shorter, and much broader distributed, in 2D layered material than
in 1D layered materials. The third, most drastic possibility, which
would require systematic re-investigation of CDW effects in bulk
quasi-1D TMT materials, is that the presence of hysteresis may
have been overlooked at least in some earlier studies. The CDW
de-pinning is always accompanied by the nonlinear conduction and,
in some cases, by hysteresis effects. This hysteresis close to the voltage
of the CDW de-pinning can lead to the oscillations, similar to the
situation observed in the present study. The narrow band noise was
typically observed using noise methods and revealed itself as oscilla-
tions above the background noise. Similar oscillations can be
observed just due to the hysteresis at the offset to de-pinning and not
by the sliding itself. Since the amplitude of the oscillations is small,
the small hysteresis, which causes these oscillations, could have been
overlooked in the I–V characteristics measurements. At least a
few studies of bulk quasi-1D CDW materials discuss the narrow
hysteresis at the critical depinning field.29,30

In summary, intrigued by the absence of the reports of the
narrow band noise in quasi-2D CDW materials, we undertook the
investigation of the noise response of the 1T-TaS2 thin-film test struc-
ture to the MHz frequency range. At certain values of the current
through the two-terminal devices, we found the current oscillations,
with the frequency proportional to the value of the current, which
resemble closely the classical narrow band noise bulk quasi-1D trichal-
cogenide CDWmaterials. However, despite the similarities, we argued
that the nature of the MHz oscillations in 1T-TaS2 is different, and it is
related to the current instabilities at the NC-CDW to IC-CDW
transition rather than to the CDW sliding. The obtained results are
important for better understanding of electron transport and phase
transitions in quasi-2D CDW materials and for their proposed appli-
cations in the radiation hard electronics.

FIG. 5. Calculated peak frequency of the voltage oscillations vs the DC from the
source. The circuit is shown in the lower right inset, and an example frequency
spectrum is shown in the upper left inset. The maximum frequency marked with the
red star is plotted in the main plot.
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