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Low-Frequency Current Fluctuations in Quasi-1D (TaSe,),l

Weyl Semimetal Nanoribbons

Subhajit Ghosh, Fariborz Kargar, Nick R. Sesing, Zahra Barani, Tina T. Salguero,

Dong Yan, Sergey Rumyantsev, and Alexander A. Balandin*

Low-frequency current fluctuations, i.e., electronic noise, in quasi-1D (TaSey),!
Weyl semimetal nanoribbons are discussed. It is found that the noise spectral
density is of the 1/ftype and scales with the square of the current, S, ~ I? (f

is the frequency). The noise spectral density increases by almost an order of
magnitude and develops Lorentzian features near the temperature T = 225 K.
These spectral changes are attributed to the charge-density-wave phase
transition even though the temperature of the noise maximum deviates from
the reported Peierls transition temperature in bulk (TaSe,),! crystals. The
noise level, normalized by the channel area, in these Weyl semimetal nanorib-
bons is surprisingly low, =10 pm? Hz" at f=10 Hz, when measured below
and above the Peierls transition temperature. The obtained results shed light
on the specifics of electron transport in quasi-1D topological Weyl semi-
metals and can be important for their proposed applications as downscaled

quasi-1D material is defined as a Weyl
semimetal with Weyl points located above
and below the Fermi level, forming pairs
with the opposite chiral charge. At temper-
atures below the Peierls transition temper-
ature Tp = 248-263 K, (TaSe,),! reveals the
charge-density-wave (CDW) phase.*8-13]
The quantum CDW phase consists of
a periodic modulation of the electronic
charge density accompanied by a periodic
distortion of the atomic lattice.'*" It has
been suggested that (TaSey),l reveals a
correlated topological phase, which arises
from the formation of CDW in a Weyl
semimetal.'?2l This quasi-ID quantum
material represents an interesting avenue

interconnects.

1. Introduction

Recently, 1D van der Waals (vdW) quantum materials with
emergent topological phases, derived from strongly correlated
interactions, have attracted significant attention.l'3l A prototype
example is a tetra-selenide compound (TaSey),I, with a struc-
ture featuring unusual axially chiral (TaSey), chains.*7l This

for exploring the interplay of correlations
and topology, as well as being an exciting
system for examining new functionalities
and electronic applications.["”:2°)

There are interesting applied physics and electronic mate-
rials aspects in the research of topological semimetals. The
resistance and current density bottlenecks in downscaled metal
interconnect motivate the search for new materials for the back
end of the line (BEOL) interconnect applications.??2 When
the interconnect linewidth scales below the electron mean free
path, its resistivity increases in a power-law function due to
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increased electron scattering from interfaces and grain bounda-
ries.?>24 This problem is persistent for all elemental metals,
including Cu, Co, and Ru. Quasi-1D vdW materials demon-
strated different dependencies where the resistivity remained
nearly constant with the scaling of the interconnect cross-sec-
tional area due to their single-crystal nature and sharp vdW
boundary interfaces.”>?¢l There are indications that in some
topological semimetals, the electrical conductivity can increase
as the cross-sectional area decreases. Recent studies have
shown that in the topological Weyl semimetal NbAs the resis-
tivity can decrease by an order of magnitude from 35 uQ cm in
bulk single crystals to 1-5 uQ cm in =200 nm nanoribbons.*’!
For this reason, a better understanding of electron transport
phenomena in Weyl semimetals can have an immediate prac-
tical significance for interconnect applications. 2829

Here, we report on the low-frequency current fluctuations,
i.e., low-frequency electronic noise, also referred to as excess
noise, in (TaSe,);l nanoribbons. The low-frequency noise
includes the 1/f and generation-recombination (G-R) noise
with a Lorentzian-type spectrum, which comes on top of the
thermal and shot noise background (f is the frequency). It is
known that 1/f noise can provide information on the electron
transport and charge carrier recombination in a given mate-
rial, as well as serve as an early indicator of electromigration
damage.’*° We have previously used low-frequency noise
measurements for monitoring phase transition in various
materialsi®3 as well as for assessing the material quality
and device reliability.*** In this work, we are primarily moti-
vated by the following questions. Is electron transport in the
topological Weyl semimetals characterized by inherently lower
noise owing to the suppression of certain electron scattering
channels? Can one use the excess noise data to verify the CDW
transitions in the topological Weyl semimetals? We are also
interested in assessing if Weyl semimetals are acceptable for
interconnect applications in terms of their electronic noise level.

2. Experimental Section

The crystal structure of quasi-1D (TaSey),l above Tp is illus-
trated in Figure 1a with a view showing (TaSe,), chains aligned
along the c-axis, within an iodide lattice.**] The view of a single
(TaSey),, chain highlights several key features, including the
coordination of each Ta center to eight selenium atoms in rec-
tangular antiprismatic geometry, the equidistant Ta centers at
=3.2 A that support metallic bonding, the slightly asymmetric
bridging of Se,>~ pairs between Ta centers, in part due to inter-
actions with iodide, and most notably, the rotating pattern of
Se,?” about the chain axis that generates axial chirality. Single
crystal (TaSey),I source materials were synthesized by the
chemical vapor transport (CVT) method from stoichiometric
amounts of tantalum and selenium, and an excess of iodine
that serves as both reactant and transport agent. Using a tem-
perature gradient of 590-530 °C provided mm- to cm-sized
(TaSey),! crystals in good yield. Complete preparative details are
provided in the Supplementary Information.[*44

The quality of this material was examined using several
methods (see Figure 1b,c). Scanning electron microscopy
(SEM) reveals features exhibited by many 1D van der Waals
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materials, such as growth striations and facile cleavage along
the van der Waals gap. Powder X-ray diffraction (PXRD) data
were collected on a Bruker D8 Advance instrument utilizing
a Co—Ka X-ray source (1 = 1.78890 A) operated at 35 kV and
40 mA. Data were collected from 10° to 80° 26 with a scan rate
of 0.1 s per step. Samples were prepared as ground powder
mounts. Powder X-ray diffraction (XRD) confirms the struc-
ture of (TaSey),I. Energy-dispersive X-ray spectroscopy (EDS)
demonstrates homogeneity and provides the composition of
the material. Some selenium and iodide deficiencies are well-
known for metal chalcogenide compounds and are expected
here.*#] The details of PXRD, SEM, EDS, and composition
are provided in the Supporting Information.

The quasi-1D nanoribbons of (TaSe,),I were prepared using
a mechanical exfoliation technique on top of clean Si/SiO, sub-
strates (University Wafer, p-type Si/SiO,, <100>). Here, we use
the term nanoribbon rather than nanowire to describe these
structures because the width of the selected structures was
substantially wider than the thickness. This allowed for more
accurate nanofabrication, testing, and comparison with quasi-
2D materials. The exfoliated (TaSe,),I nanoribbons had a length
of a few micrometers, a width on the scale of hundred nano-
meters, and a thickness in the range of 10-100 nm as confirmed
by atomic force microscopy (AFM). The AFM images for two
exfoliated nanoribbons with different thicknesses are shown
in Figure 2a. A representative Raman spectrum of the exfoli-
ated nanoribbons is provided in Figure 2b. One can clearly see
seven Raman peaks at the frequencies of 63.9, 679, 100.1, 143.3,
160.3, 182.8, and 270.9 cm™, in line with prior reports on bulk
(TaSey),I crystals.¥=0 All observed Raman frequencies belong
to the A, vibrational mode type, except the peak at 679 cm™
which belongs to the B, symmetry group.®! The test structures
with multiple electrodes were prepared using electron-beam
lithography (EBL) to define the contacts on the same nano-
ribbon. Electron beam evaporation (EBE) was used to deposit
Cr/Au metals (10 nm/100 nm) to form the contacts for meas-
urements. Figure 2c shows a schematic of the test structure,
containing several metal contacts and pads on the Si/SiO, sub-
strate. The channel lengths of the individual devices, i.e., the
distance between two contacts, were in the range of 1-6 um.
The quality of the contacts and the nanoribbon channels was
verified with SEM. A colored SEM image of a representative
(TaSey),I nanoribbon test structure is provided in Figure 2d.

The temperature-dependent current-voltage (I-V) measure-
ments of the fabricated nanoribbon test structures were carried
out inside a cryogenic probe station (Lakeshore TTPX) under
vacuum using a semiconductor analyzer (Agilent B1500). The
low-frequency noise measurements were performed using an
in-house-built system. The noise measurement circuit consists
of a low-noise DC battery, a potentiometer (POT), and a load
resistor connected in series to the device under test (DUT)
kept inside the probe station chamber. The POT controls the
voltage drops between the load and the DUT of the voltage
divider noise circuit. The load resistor was kept grounded in
this configuration. During the noise measurements, the voltage
fluctuations at the output were transferred to a low noise pre-
amplifier (SR-560) which amplified the signal and sent it to
a signal analyzer. The signal analyzer transformed the time
domain signal to its corresponding frequency domain. In our
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Figure 1. a) Crystal structure of (TaSe,),! viewed down the c-axis (left panel) and a single chain of [TaSe,] viewed down the g-axis (right panel), with
atoms corresponding to Ta (red), Se (blue), and | (yellow). b) Powder X-ray diffraction pattern of the CVT-grown crystals; experimental (top) and refer-
ence card 04-011-3118 (bottom pattern). c) Scanning electron microscopy image of a mechanically exfoliated (TaSey),! crystal surface and corresponding

energy-dispersive spectroscopy elemental mapping.

noise calculations, the voltage spectral density, Sy, was recalcu-
lated to its equivalent current spectral density, S;, and normal-
ized by the corresponding current squared, I?. Further details of
our noise measurement systems and procedures can be found
in the Supporting Information and the prior reports for other
materials and devices.3940->1:52]

To study the electrical characteristics of low-dimensional
materials, which reveal phase transitions, it is important to
verify the quality of the electrical contacts. Figure 3a presents
the low-bias I-V characteristics of one of the (TaSe,),! test struc-
tures for several channel lengths, i.e., I-Vs measured between
different pairs of contacts. The I-Vs show linear behavior across
the measured bias ranges confirming high-quality Ohmic
contacts. The contact resistance of (TaSey),I nanoribbon was
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determined using the conventional transmission line measure-
ment (TLM) technique (see Figure 3b). The contact resistance
value for this representative device, with a channel thickness
of 28.5 nm, was determined to be 2R- = 440 Q, which is an
order of magnitude lower than any of the channel resistances,
R. The latter further confirms the quality of the fabricated con-
tacts. The fact that R¢ << R is beneficial for the interpretation of
the noise measurements as well. More information on contact
resistance can be found in the Supporting Information.

The as-measured low-frequency voltage noise spectral den-
sity, Sy, is shown in Figure 3c. The room-temperature data
are presented for a (TaSey),I nanoribbon device with the 2 pm
channel length measured for the source—drain bias, Vp, ranging
from 10 to 60 mV. The noise spectra for all bias voltages are of
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Figure 2. Characterization of the exfoliated quasi-1D (TaSe4),l nanoribbons. a) Atomic force microscopy image of a representative exfoliated nano-
ribbon. b) Raman spectrum of a (TaSey),! nanoribbon at room temperature. c) Schematic of a (TaSe,),! nanoribbon test structure on Si/SiO, substrate.
d) Scanning electron microscopy image of a (TaSe,),| nanoribbon test structure with varying channel lengths from 1 to 4 um. Pseudo-colors are used

for clarity.

1/f7 (y=1) flicker noise type, which is typical for both semicon-
ductor and metallic materials.3*383%>3 The noise level meas-
ured at the lowest bias point is at least an order of magnitude
higher than the background noise of the measurement system,
confirming that the flicker 1/f noise is intrinsic to the DUT and
not from any other source. The corresponding current spectral
density, S;, as a function of the source—-drain current, I, at a
fixed frequency of f= 10 Hz is presented in Figure 3d. The S;
versus I behavior is quadratic, i.e., S; ~ I?, with an exact slope
of 1.98. The quadratic scaling of the noise spectral density, S,
with the source—drain current is expected for any linear resistor.
Thus, we verified the accuracy of the noise measurement proce-
dures and the fact that the (TaSe,),I nanoribbons act as passive
linear resistors.

3. Results and Discussions

The temperature-dependent I-Vs and noise data for a (TaSe,),!
device with a 2 um channel length are presented in Figure 4a—d
(refer to the Supporting Information for the I-V data of a dif-
ferent (TaSe,),I nanoribbon device). Figure 4a shows the device
resistance in a logarithmic scale normalized by the resistance
of the channel at 300 K, i.e., log[R/R3(], as a function of the
inverse temperature, i.e., 10°/T. The I-V measurements were
conducted both in the heating and cooling cycles. Overall,
the dependence of the log[R/R3y] on inverse temperature is
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consistent with prior reports for bulk (TaSe,),I samples./#>813

There is a change in the slope of the resistance below RT.
This slope change is more clearly observed in the plot of the
derivative characteristics presented in Figure 4b. In our case,
we observed the transition at T = 235 K for both cooling and
heating cycle measurements. Previous reports attributed the
change in the resistivity slope to the Peierls transition, ie.,
CDW phase transition, observed mostly at Tp = 260-263 K.1#8]
However, some reports indicated this transition at a tempera-
ture as low as Tp = 235-240 K.***] It is known from experience
with other CDW materials, that the temperature of the CDW
phase transition may depend on the sample thickness.l’®>7 In
addition, some data scatter for the transition temperature can
be due to small stoichiometric variations, e.g., the loss of iodine
or selenide deficiency.

It has been stated that the Peierls transition in (TaSe,),l
is accompanied by opening a CDW energy bandgap of
=0.2 eV.[#125859] There is an unusual feature of the phase tran-
sition in (TaSey),I, which was noticed and discussed in the
original studies of bulk crystals.®1! The material reveals a non-
metallic R(T) dependence both below and above Tp. This issue
was addressed in detail in a report that described (TaSe,),! as
the zero-bandgap semiconductor and introduced a notion of the
semiconductor-semiconductor phase transition.”® In our meas-
urements with (TaSey),I nanoribbons, the resistance change
near Tp is consistently observed but it is somewhat more gradual
than in the case of bulk samples. We speculate that this can be
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Figure 3. Electrical and low-frequency noise characteristics of a (TaSey),!
nanoribbon devices with different channel lengths. b) Resistance of the n
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nanoribbons at room temperature. a) Current-voltage characteristics for
anoribbon devices as a function of the channel lengths. c) Voltage noise

spectral density, Sy, as a function of frequency for a (TaSey),| nanoribbon device at different source-drain biases. d) Current noise spectral density, S,

as a function of the device current.

related to the strain induced by the lattice mismatch between
the material and Si/SiO, substrate. The latter is supported by
our experiments with Al,O; and other substrates and prior
reports on the effect of the substrate-induced strain on resis-
tive switching in nanowires.['>¢9-62] Based on the above consid-
erations, we can conclude that our measured resistivity depend-
ence on temperature is in line with previous reports,®113l and
focus on the current fluctuations in (TaSey),I nanoribbons.
Figure 4c shows the normalized noise current spectral den-
sity, S/, as a function of frequency, f, at temperatures near Tp
for the same device. The noise measurements were conducted
between 200 and 235 K to capture the Peierls transition from a
possible change in the noise spectrum. One can notice an evo-
lution of the 1/f spectrum to Lorentzian bulge near the Peierls
transition temperature. To clarify the trend, we plotted fx S,/I
versus f, which removes the 1/f background. One can see that
at T = 225 K, the noise spectral density reaches a maximum
and develops a Lorentzian bulge. As the temperature increases
further the noise becomes 1/fagain, and its level decreases. We
argue that the noise increase and Lorentzian feature are signa-
tures of the Peierls transition, which we observed in the resis-
tivity behavior in Figure 4a,b. The same trend—noise increases
and Lorentzian-type bulges near the CDW phase transitions
has been reported previously for different materials.}- Some
differences in temperature Tp extracted from the resistivity
and noise data can be explained by a difference in the rate at
which the temperature was changed in the probe station during
these two independent measurements. In addition, there is a
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possibility of a temperature drift during the noise measure-
ments. Generally, the Lorentzian noise spectrum is a signa-
ture of a two-level system.l®*% In the case of a phase transi-
tion, the material state and its resistance can switch between
the two phases until the material system is driven further away
from the transition point Tp. We observed similar behavior in
1T-TaS,, another CDW material.l3®37) It is unlikely that the Lor-
entzian bulges which we see in the noise spectrum of (TaSey),!
are due to the generation-recombination (G-R) noise that
originates from high concentrations of one type of defects with
particular time constants since it is observed only at one tem-
perature and the noise spectrum returns to its original 1/f type.

In Figure 5a, we provide a comparison of the electrical and
noise characteristics near the phase transition point on the
same plot. The data attest to the potential of noise spectros-
copy for monitoring phase transitions. In Figure 5b, we plot
the noise spectral density normalized for the channel area,
B=S,/I?x (W x L), at a fixed frequency f= 10 Hz and two repre-
sentative values of the current. We have previously introduced
the J parameter to compare low-frequency noise levels in 2D
materials such as graphene and MoS,.[%5%% One can see that the
noise spectral density increases by an order of magnitude near
Tp proving that the excess noise level is a suitable indicator of
the phase transition. Figure 5b also indicates the low noise level,
normalized by the channel area, in (TaSe,),I nanoribbons com-
pared to 2D materials. The nanoribbon shape of the (TaSe,),!
channels, with a width much larger than the thickness, makes
the comparison with 2D materials meaningful. The value

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Temperature-dependent electrical and low-frequency noise characteristics of a (TaSe,),l nanoribbon device. a) Logarithmic normalized resist-

ance, log([R/Rsq, as a function of inverse temperature, 103/T, for a (TaSey),

d(log([R/Rso0]) /d(103/T), versus inverse temperature of the same device. c)

| nanoribbon device with a 2-um channel length. b) Logarithmic derivative,
Normalized noise current spectral density, S,/I, as a function of frequency

at temperatures near the transition temperature measured at a constant device current of 0.5 LA. The noise behavior is of 1/ftype, except at T = 225 K,
where the noise becomes Lorentzian type. d) Normalized noise spectral density multiplied by the frequency, f x S;/I? as a function of frequency at

different temperatures.

of the f parameter away from the phase transition is below
2 x 107 um? Hz! (f= 10 Hz). For comparison, the area-nor-
malized noise level in graphene is § = 10 um? Hz™! while
that in thin MoS, is 8 = 10~ um? Hz.1®! The noise level,
Sy/I%, without surface normalization, is also rather low, below
4x 107 Hz™! (f= 10 Hz), away from the phase transition point,
both in the low and high-temperature regions. The noise level
reported for nanoribbons of ZrTe; was in the range of 10~ to
107 (f = 10 Hz).'%] Unfortunately, the direct comparison of
the noise levels in different quasi-1D and 2D materials is not
always possible since the tested structure sizes are often not
reported, and one cannot do the normalization by the channel
area. Additional electrical and noise characterization data are
provided in the Supporting Information.

One can envision two possible reasons for a rather small
level of noise in the nanoribbons of quasi-1D or quasi-2D vdW
materials. It is known that the van der Waals bonding may
result in a smaller number of surface dangling bonds.?>3% The
latter can lead to the suppression of some scattering processes
and, correspondingly, to lower noise levels. On the other side,
(TaSey),! is also a topological semimetal. This means that some
electron scattering is suppressed due to the topologically pro-
tected conduction states. It is not possible to state at this point
if the low level of noise in (TaSey),I nanoribbons is due to the
current fluctuation suppression in the topologically protected
conductive channels of the Weyl semimetal.®®7% The latter
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would require a dedicated theoretical study allowing to connect
the electron scattering and capture rates with the fluctuations
in the number of electrons and their mobility. The experi-
mental data reported in this study indicate an unexpectedly low
noise level and motivate future studies. We also note that the
noise level measured in this Weyl semimetal nanoribbons is
sufficiently low for interconnect applications.

The resistivity extracted for these nanoribbons was sim-
ilar to the values reported for bulk (TaSe,),I, on the order
of =107 Q cm.’M Previous studies reported that in some
topological semimetals, the resistivity can decrease with the
decreasing cross-sectional area of the conductors.-2%70 In
our present study, the resistivity values that we obtained for
nanoribbons of different sizes were not sufficient to claim the
specific trend with the cross-section area within the standard
error of the measurements. It was recently reported that
annealing, i.e., due to heating or passing current, can improve
the current conduction in thinner films of topological semi-
metals.”!! One should be able to exclude this effect from the
topological scattering suppression. We reserve such a sys-
tematic study for future work. The investigated (TaSe,),l vdW
material may not be the optimum one for interconnect applica-
tions in terms of its resistivity, but the low noise level for topo-
logical Weyl semimetals is a promising feature. It is known
that low-frequency noise can be an early indicator of damage
to materials and devices.”>7] With the device degradation, the

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. Comparison of the electrical and noise characteristics near the phase transition point. a) The derivative of the resistance (red curve) with the
corresponding noise spectral density (blue curve) measured at f=10 Hz. The phase transition point can be established from both the maximum of the
resistance derivative and the noise spectral density. A slight deviation between the maxima of the electrical and noise characteristics can be attributed to
the difference in the rate at which the temperature was changed during these two independent measurements. b) The evolution of the normalized noise
spectral density with the temperature at different current levels. The noise spectral density normalized by device current and channel area, S;/I?x W x L,
measured at f =10 Hz, at the constant currents of Ips = 0.5 and 1.0 HA. The noise level increases substantially near the transition temperature T = 225 K.

noise increases at a much faster rate than the changes in the
averaged characteristics such as [-Vs. The latter makes the
noise a sensitive predictor of a lifetime. The results obtained
in this work can be used for developing assessment method-
ologies for the reliability of topological semimetals.

4, Conclusion

We have described low-frequency current fluctuations in quasi-
1D (TaSey),I Weyl semimetal nanoribbons. The noise spec-
tral density increases by almost an order of magnitude and
develops Lorentzian features near the temperature T = 225 K.
These spectral changes were attributed to the CDW phase tran-
sition even though the temperature of the noise maximum
deviates from the reported Peierls transition temperature in
bulk crystals. The noise level normalized to the device area in
the Weyl semimetal nanowires was found to be surprisingly
low, S;/I? x (W x L) = 107 Hz! at f= 10 Hz, when measured
below and above the Peierls transition temperature. This value
is an order of magnitude lower than that in graphene and other
quasi-2D materials. These results shed light on the specifics of
electron transport in quasi-1D topological Weyl semimetals and
can be important for their proposed applications as downscaled
interconnects.
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