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We describe the low-frequency current fluctuations, i.e. electronic noise, in quasi-one-dimensional ZrTes
van der Waals nanoribbons, which have recently attracted attention owing to their extraordinary high
current carrying capacity. Whereas the low-frequency noise spectral density, S,//?, reveals 1/f behavior
near room temperature, it is dominated by the Lorentzian bulges of the generation—recombination noise
at low temperatures (/ is the current and f is the frequency). Unexpectedly, the corner frequency of the
observed Lorentzian peaks shows strong sensitivity to the applied source—drain bias. This dependence on
electric field can be explained by the Frenkel-Poole effect in the scenario where the voltage drop
happens predominantly on the defects, which block the quasi-1D conduction channels. We also have
found that the activation energy of the characteristic frequencies of the G-R noise in quasi-1D ZrTes is
defined primarily by the temperature dependence of the capture cross-section of the defects rather than
by their energy position. These results are important for the application of quasi-1D van der Waals
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Two-dimensional (2D) materials, such as graphene and tran-
sition metal dichalcogenides (TMDs) MX, (where M = many
transition metals; X = S, Se, Te), have revealed new physics and
demonstrated potential for practical applications.' ™" In recent
years, interest in layered van der Waals materials has expanded
to include quasi-one-dimensional (1D) structures and compo-
sitions. Unlike the layered MX, materials that yield 2D nano-
meter thickness sheets upon exfoliation, the transition metal
trichalcogenides (TMTs) MX; contain 1D motifs, i.e. atomic
threads, that are weakly bound together by van der Waals
forces. Examples include TiS;, NbS;, and TaSe;.">™** As a con-
sequence of their structures, the mechanical exfoliation of
MX; crystals results in nanowires and nanoribbons rather than
2D layers. In principle, the quasi-1D materials can be exfo-
liated or grown into ultimately downscaled nanowires, with
the cross-sectional dimension of 1 nm X 1 nm, corresponding
to the individual atomic thread. We have discovered that some
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materials in ultimately downscaled electronics.

of these quasi-1D nanomaterials reveal an exceptionally high
current density. For instance, quasi-1D TaSe; nanowires
capped with A-BN layers have a breakdown current density
exceeding Jz ~ 10 MA ecm ™2, which is larger than what can be
sustained by the state-of-the-art Cu interconnects.'® In a recent
contribution, we reported uncapped ZrTe; nanoribbons with
an even more impressive breakdown current density of Jg ~
100 MA cm2,'® which is more than an order of magnitude
larger than the value obtained in DC testing of Cu wires.'”"*
In this Letter, we report results pertaining to the low-
frequency current fluctuations, ie. electronic noise, in ZrTe;
nanoribbons. The low-frequency noise is a ubiquitous
phenomenon, present in all kinds of electronic materials and
devices."®" Practical applications, even for high-frequency
devices, require the reduction of low-frequency noise to an
acceptable level, due to possible up-conversion of the low-
frequency noise to the phase and amplitude noise of the high-
frequency devices. Additionally, the specific features of the
low-frequency current fluctuations can provide valuable
information about electronic transport, typical defects,
grain boundaries, and charge carrier recombination
dynamics.”®**2® The frequency, bias and temperature depen-
dences of the low-frequency noise spectral density have been
used as reliability metrics for devices and interconnects by the
electronics industry.>’*° For these reasons, our study is impor-
tant for the proposed applications of quasi-1D ZrTe; nano-
ribbons in ultimately downscaled device channels and inter-
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connects. From the fundamental science point of view, charac-
terization of the low-frequency current fluctuations can shed
light on the electron transport properties of ZrTe;. We have
focused our studies to room temperature (RT) and below to
elucidate the physical mechanism of the current fluctuations
and determine possible activation energies for various pro-
cesses contributing to the noise. The results indicate that the
normalized low-frequency noise spectral density, S,/I°, reveals
1/f behavior near RT (I is the current and f is the frequency).
However, at lower temperatures, the noise spectral density is
dominated by the Lorentzian bulges of the generation-recom-
bination (G-R) noise. Interestingly, the corner frequency of the
observed Lorentzian peaks shows strong sensitivity to the
applied source-drain bias.

Similar to the other group IV MX; materials, ZrTe; crystal-
lizes in the monoclinic space group P2,/m with Z = 2. Early
work suggested the existence of ZrTe; polymorphs (“A” and
“B”). However, later studies confirmed only the original crystal
structure (“A”).*'* As illustrated in Fig. 1a, this structure is
composed of pairs of trigonal prismatic ZrTe; columns extend-
ing along the b-axis. These columns are stacked in layers along
the c-axis, which are weakly bound by van der Waals forces. An
additional unique feature is significant Te-Te---Te-Te inter-
actions along the a-axis. As a result, ZrTe; exhibits more 2D
character than many other MX; compositions and thus can be
more completely considered a quasi-1D/2D material.

Fig. 1 (a) Views of the structure of ZrTes. (b) HRTEM of a ZrTes nano-
ribbon that shows a representative defect-free region. (c) Higher mag-
nification HRTEM of ZrTes with the orientation of atoms illustrated by
the array of columns in panel a. (d) Selected area electron diffraction
pattern along the (001) zone axis. This pattern was used to determine
the lattice constants in the unit cell of ZrTez, which were consistent with
the single crystal X-ray structure. The scale bar for (b), (c) and (d) are
7 nm, 1 nm and, 1 nm™ respectively.
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The intriguing properties of ZrTe; at low temperatures have
been studied extensively. The bulk material is metallic with a
charge density wave (CDW) transition at 63 K and a supercon-
ducting (SC) transition at 2 K.** The electrical responses
caused by the CDW and filamentary SC states occur primarily
along the g-axis, i.e. perpendicular to the ZrTe; columns, due to
the pronounced Te-Te:--Te-Te interactions. Numerous reports
describe the effects of pressure,*®*” magnetic field,*® metal
intercalation (e.g., NigZrTe;),”® and chemical substitution
(e.g., ZrTe;_,Se,)*® on the CDW and SC properties of ZrTes.
Notably, these studies were all based on bulk samples, thus the
impact of nanostructuring on the properties of ZrTe; is not yet
understood. Nanostructure-substrate interactions, strain, elec-
tron and phonon confinement, partial oxidation and defects
can affect resistivity dependence on temperature and the type of
electrical conduction, e.g. metallic vs. semiconducting.

For this study, crystals of ZrTe; were prepared by iodine-
mediated chemical vapor transport (CVT). Details regarding
material synthesis are provided in the ESI.T The crystal structure
was confirmed by single crystal X-ray diffraction; the resulting
high-quality dataset provided a unit cell and atomic coordinates
(Tables S1 and S2f) that are in excellent agreement with type
“A” ZrTe;. Nanoribbons were obtained by the standard mechan-
ical exfoliation method. The quality of ZrTe; nanoribbons was
assessed by high-resolution transmission electron microscopy
(HRTEM). As shown in Fig. 1b and ¢, HRTEM reveals large
regions of defect-free ZrTe;; the atomic distances are consistent
with the angled array of ZrTe; columns illustrated in Fig. 1a.
Selected area electron diffraction (SAED) (Fig. 1d) also is consist-
ent with single crystalline nanoribbon quality. Furthermore, the
material was evaluated by energy dispersive spectroscopy (EDS)
(Fig. S11) and Raman spectroscopy.*®

The devices were fabricated by the shadow mask method
on the mechanically exfoliated quasi-1D nanoribbons placed
on a Si/Si0, wafer.'® Owing to a direct deposition of the metal
contacts onto the pre-selected ZrTe; nanoribbons, the shadow
mask method allows one to avoid the damage and chemical
contamination associated with the conventional lithographic
lift-off processes. It also drastically reduces the total air
exposure time during the fabrication. The shadow masks were
fabricated using the double-side polished Si wafers with 3 pm
thermally grown SiO, (Ultrasil Corp.; 500 um thickness; p-type;
<100>). The details of the shadow mask fabrication are pro-
vided in the Methods section. The contact metals Ti/Au
(10:100 nm) were evaporated through a shadow mask,
forming a testing device structure. The devices were trans-
ferred to another vacuum system for the electronic transport
measurements. Fig. 2(a) and (b) show the optical microscopy
of exfoliated nanoribbons of ZrTe; on Si/SiO, substrate and
the atomic force microscopy (AFM) image of the fabricated
device structure (device dimensions are approximately 50 nm x
200 nm), respectively. In Fig. 2(c), we present the ZrTe;
channel resistance, R, as a function of temperature, 7. The
inset shows the low-field current-voltage (I-V) characteristics
of the device. The low-field I-Vs confirm the Ohmic character-
istics of the contacts. The multi-gate design of the device under
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Fig. 2 (a) Optical microscopy image of the mechanically exfoliated

ZrTes ribbons on SiO,/Si substrate, before the contact evaporation.
Different colors, green vs. gold, indicate the variation in the thickness of
the nanoribbons. The scale bar is 1 pm. (b) Scanning electron
microscopy image of a device fabricated from the quasi-1D ZrTez nano-
ribbon with the thickness of ~50 nm. The scale bar is 2 um. (c) The resis-
tance of the quasi-1D ZrTes nanoribbon as a function of temperature.
The resistance shows semiconducting behavior at low temperature. The
inset shows low-field /-Vs for representative devices of different
lengths, as proof that the fabricated contacts were Ohmic.

test allowed us to extract the contact resistance, R¢, confirming
that it is negligible compared to the channel resistance: 2R <
1.1% x Ry, where the total resistance Ry = R + 2R¢. As the temp-
erature increases from T'= 100 K to T = 300 K, the resistance of
ZrTe; nanoribbon decreases, suggesting semiconducting behav-
ior. Although bulk ZrTe; has been described previously as metal-
lic or semi-metallic,***>*"** a band gap may open due to tensile
strain or other electronic effects related to nanostructuring.
Notably, NbSe; also exhibits a dramatic change from metallic
behavior in the bulk state to nonmetallic in nanowire form.*>**
The low-frequency noise measurements were performed in
the temperature range from 77 K to 298 K under high vacuum.
The devices were biased with a silent battery and a potenti-
ometer biasing circuit and measured using a low-noise ampli-
fier and a spectrum analyzer. Details of our experimental pro-
cedures, in the context of different devices, were reported by
us elsewhere.””° The noise spectra were acquired at a low
bias voltage to avoid Joule heating. Fig. 3(a) shows the normal-
ized noise spectral density, S,/I?, as a function of frequency at
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different temperatures. Since the contact resistance of the
tested device was negligible, the noise response is dominated
by the channel. The main observation is that at low tempera-
tures the noise spectrum consists of the bulges of the
generation-recombination  (G-R)  noise,  typical for
semiconductors.” "> As the temperature increases, the bulges
shift to a higher frequency, eventually disappearing or moving
outside of the examined frequency range, when temperature
approaches RT. Near RT, the noise spectrum becomes 1/f type
with y ~ 1, which is characteristic for both metals and semi-
conductors as well as majority of electronic devices.*® In
Fig. 3(b), we present S/I> x f as a function of temperature in
order to compensate for 1/f noise background and make the
G-R peak shift with the temperature more visible. The overall
noise level is rather small. The normalized noise spectral
density, S;/I* ~ 107*° Hz' at f = 10 Hz and temperature
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Fig. 3 (a) Normalized noise spectral density, S,//2, as a function of fre-
quency of quasi-1D ZrTes nanoribbon at temperatures from 85 K to
280 K. (b) Normalized noise spectral density multiplied by frequency,
S//I? x f, as a function of frequency. The bias voltage is Vp = 0.1 V. The
position of the characteristics frequency, f., is shown in broken line.
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T =280 K. The existence of the G-R noise is independent proof
that quasi-1D ZrTe; nanoribbons demonstrate semiconducting
behavior within the given temperature range.

In semiconductors, G-R noise is observed at low frequency
and its spectral density is described by the Lorentzian: S f) =
Sol[1 + (2nfr)?], where S, is the frequency independent portion
of S(f) observed at f < (2n7) " and 7 is the time constant associ-
ated with the return to the equilibrium of the occupancy of the
level. In a typical situation of the semiconductor doped with the
shallow, fully ionized donor or acceptor, and another noisy
deep level, the spectral density of the G-R noise is given by:**

S; AN tF(1—F) ()
2 vt 4 (wr)?’
where w = 2xf, V is the sample volume, 7 is the equilibrium
electron concentration for the n-type semiconductor, and F is
the trapping state occupancy function. The G-R noise time
constant, 7, is expressed in terms of the trapping state capture,
7., and emission, 7., time constants:

1 1 1
St @)
T Te Te
which are given by:
1
Te = ovpn’ (3)
and
1
Te = —E (4)
oVrN¢ exp (f —0)
kT

Here o is the capture cross section of the trap, vr is the elec-
tron thermal velocity, N, is the effective electron density of states
(DOS) in the conduction band, and E, is the trap level position,
relative to the conduction band. Note that eqn (2)—(4) are written
for the n-type semiconductor. The equations for the p-type semi-
conductor are analogous. As seen from eqn (4), if the emission
time dominates, the characteristic time r depends on tempera-
ture exponentially and the energy E, can be extracted from the
experimental data. Usually In(z) or (f. = (1/2xn7)) is plotted as a
function of 1/T. If the temperature dependences of the thermal
velocity and DOS are significant, In(7°z) can be plotted as a func-
tion of 1/T. The slope of this Arrhenius plot defines the energy
E,. Fig. 4 shows the Arrhenius plot of the characteristics fre-
quency f. for the experimental data shown in Fig. 3(b).

The trap activation energy, extracted from Fig. 4, is E, = 0.18
eV. The activation energy obtained by this method is often associ-
ated with the energy level position of a given trapping state.
However, this is not always the case. The caption cross-section of

the trap levels, o, often depends exponentially on temperature.”®>>

E
o6 =0y exp(—ﬁ). (5)

In such cases, the procedure, described above, yields the
sum of the activation energies, E, + E;, rather than E,. The acti-
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Fig. 4 Arrhenius plot of the characteristics frequency, In(f.), as a func-
tion of the inverse temperature, in quasi-1D ZrTes device.

vation energies E, and E; cannot be found separately in this
approach. The method to find the energies E, and E; separ-
ately was proposed in ref. 51. This method requires to plot the
spectral noise density versus temperature 7 at a series of fre-
quencies. The temperature dependence of the noise for each
frequency has a maximum at 7 = T,a As the next step, the
dependence of the noise at the point of maximum, In(Syay), is
plotted versus In w, where @ = 2af. The slope of this depen-
dence is defined by the energies E, and E;, which can be
found separately. This method was developed for the case
when the semiconductor is doped with a shallow donor
center, which is fully ionized at all temperatures of the experi-
ment. The concentration of the traps at this level is high
enough so that the electron concentration does not depend on
temperature, and this concentration is much higher than the
concertation of the noisy deep levels. As one can see from
Fig. 2(c), the resistance of the sample decreases with increas-
ing temperature, which is an indication of the free carrier con-
centration temperature dependence. However, while the
characteristic frequency of the G-R noise changes with temp-
erature more than two orders of magnitude the change of the
resistance, and concertation, is only a factor of x2.5. Therefore,
we can neglect the temperature dependence of the resistance
and concentration in our analysis and use the method of
ref. 46.

Fig. 5 shows the normalized noise spectral density, S,/I*, as
a function of temperature for different frequencies. As temp-
erature increases, the noise peak shifts to higher temperatures.
The blue line and data points in Fig. 6 show the dependence
of In(Smax) versus Inw. The slope of this dependence A =
5(In (Smax))/6(In @) = 1.24. In accordance with the model of
ref. 51, A > 1 is an indication that the level is located above the
Fermi level and A = (2E, + E,)/(Eo + E;). The red line and data
points in Fig. 6 shows the Arrhenius plot of the invers tempera-
ture (1/7) as a function of In w. The frequency of each red data

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Normalized noise spectral density, S,//?, as a function of temp-
erature for different frequencies. As the temperature increases, the noise
peak shifts to higher temperatures.

In(e)

Fig. 6 Maximum noise peak position, Smax as a function of frequency
(rad s7%) (blue curve). The extracted slope of the linear fitting is 1.24. The
Arrhenius plot of the invers temperature (K™) as a function of frequency
(rad s™) (red curve). The extracted activation energy from the linear
fitting is 0.19 eV.

point in Fig. 6 corresponds to f. at temperature Ty,.x. The slope
of the Arrhenius plot, 1/kTyax versus Inw is B = §(1/Tyax)/
§(lnw) = 1/(Ey + E;). The extracted activation energy from the
linear fitting gives 0.19 eV, which, within the experimental
error, matches the activation energy extracted from Fig. 4.
With the known A and B, the activation energy of the cross-
section temperature dependence and level position can be
extracted as E; = 0.144 eV and E, = 0.0456 eV. These data indi-
cate that the activation energy of the characteristic frequencies
of the G-R noise peaks in quasi-1D ZrTe; nanoribbons is
dominated by the activation energy of the capture cross-
section temperature dependence.

We measured the noise at low temperature (7 = 77 K) as a
function of the source-drain bias. Fig. 7(a) shows the normal-
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Fig. 7 (a) Normalized noise spectral density, S/, as a function of fre-
quency of quasi-1D ZrTes nanoribbon at the bias voltage ranging from
45 mV to 250 mV. Inset shows a schematic of the atomic thread bundle
with one broken thread, illustrating the action of a defect. (b)
Normalized noise spectral density multiplied by frequency, S,/ x f, as a
function of frequency. Note an unusually strong dependence of the
Lorentzian peak on the bias voltage. The data are presented for T = 78 K.

ized noise spectral density, S,/I?, as a function of frequency at
different source-drain voltages, Vsp. In Fig. 7(b), we present
S,/ x f in order to compensate for 1/f noise background and
make the peak shift with the electric bias more visible. As seen
from Fig. 7, the characteristic frequency f. changes about three
orders of magnitude when the bias voltage increases from
45 mvV to 250 mV. In general, the shift of the Lorentzian peak in
the noise spectrum with the applied electric field can be attribu-
ted to reduction of the impurity barrier potential in the high
electric field, which is known as the Poole-Frenkel effect:>®

ABgy = <ﬂ) (6)

TEQE

Here AEyg, is the reduction of the barrier, g is the charge of
an electron, F is the electric field, ¢, is the permittivity of free
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space, and ¢ is the relative dielectric constant. Assuming that
the characteristic frequency depends on the energy exponen-
tially, we estimated that the electric field required to shift this
frequency by the three orders of magnitude is on the order of
50 kV cm™'. For the 2 pm length nanoribbon in our devices,
the average field in the sample does not exceed ~1.25 kV ecm™".
However, the specific of the quasi-1D nanoribbon structure is
that a defect can increase significantly the resistivity of the
individual quasi-1D chains or even completely block it. Since
the resistivity in the directions perpendicular to the atomic
chain is much higher, the local field at a defect can be much
higher than the average one. Most of the potential drop can
happen on over the spatial extend of the defect. Assuming that
the defect is a 1D line we estimate the potential as ¢(x) ~
en(x)In(Ly/a), where n is the uncompensated charge in the
wire, a is the diameter of the wire, and L, is the characteristic
screening length which depends on the chain dimensions.
The estimate is based on the gradual channel approximation.®”
The electric field at the end of the defect is given by F ~
en/(x — d/2). Then the electric field in the non-conducting gap,
i.e. spatial extend of the defect, can be roughly estimated as:

~ P P2 1
F= (x+d/2 fx+d/2> InLy/a’ @)

where ¢; and ¢, are the potentials on the wire (which rep-
resent a nanoribbon), and d is dimension of the non-conduct-
ing gap (see inset in Fig. 7(a)). From eqn (7), the electric field
in the middle of the gap, associated with the defect, is on the
order of 2K(¢; — ¢,)/d, where K > 1 depends logarithmically on
the specific geometry close to the defect. With the potential
difference of 250 mvV, the electric field of 50 kv ecm™ can be
easily obtained for the gap of 100 nm. The actual defect size
may be much smaller, and the electrical field, therefore,
higher. This can explain the reduction of the barrier on the
defect, and the resulting strong shift of the characteristic fre-
quency as a function of bias, in accordance with the Poole-
Frenkel effect. It is natural to assume that the observed strong
bias dependence of the G-R noise can be a common feature of
the quasi-1D crystals. It is interesting to note that the current-
voltage characteristics are perfectly linear at the considered
bias but the noise spectra clearly reveal this unusual effect.

In conclusion, we investigated the low-frequency electronic
noise in quasi-1D ZrTe; van der Waals nanoribbons. Such
nanostructures have recently attracted attention owing to their
extraordinary high current carrying capacity. Whereas the low-
frequency noise spectral density, reveals 1/f behavior near RT,
it is dominated by the Lorentzian bulges of G-R noise at low
temperatures. The corner frequency of the Lorentzian peaks
shows strong sensitivity to the applied source-drain bias. This
dependence on electric field can be explained by the Frenkel-
Poole effect if one assumes that the voltage drop mostly
happens on the defects, which block the quasi-1D conduction
channels. The observed strong bias dependence of the G-R
noise can be a common feature of the quasi-1D crystals. We
also found that the activation energy of the characteristic fre-
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quencies of the G-R noise in quasi-1D ZrTe; is primarily
defined by the temperature dependence of the capture cross-
section of the defects rather than by their energy position. The
activation energy of the cross-section temperature dependence
and level position were found to be E; = 144 meV and E, =
45.6 meV, respectively. These results are important for the pro-
posed applications of quasi-1D van der Waals materials in ulti-
mately downscaled electronics.

Methods

Mask and device fabrication

ZrTe; nanoribbons were mechanically exfoliated from the bulk
crystals and transferred to Si/SiO, substrate. We utilized the
shadow mask method to fabricate the prototype interconnects.
By allowing direct deposition of metallic contacts onto pre-
selected ZrTe; nanoribbons, this method avoids the damage
and chemical contamination typically associated with conven-
tional lithographic lift-off processes, and it also drastically
reduces the total air exposure time (<2 h., compared to 2-3
days for conventional lithography processes). The shadow
masks were fabricated using double-side polished Si wafers
with 3 pm thermally grown SiO, (Ultrasil Corp.; 500 um thick-
ness; p-type; <100>). The shadow mask fabrication process
began with evaporation of 200 nm Chromium (Cr) on the front
side of the wafer, followed by stencil mask patterning of this
layer using a combination of electron beam lithography and Cr
etchant (1020A). This was followed by fluorine-based reactive
ion etching (RIE) to transfer the pattern to the underlying
SiO,. Finally, the pattern was transferred into the underlying Si
substrate using deep reactive ion etching (DRIE) (Silicon
Trench Etch System; Oxford Cobra Plasma Lab Model 100).
The DRIE etch step was timed to break through to a large back-
side window that was previously defined using lithographic
patterning, RIE, and DRIE. The completed shadow masks were
used to fabricate ZrTe; devices by aligning them with pre-
selected nanoribbons on the device substrate, clamping the
aligned mask and device substrate together, and placing the
clamped assembly in an electron beam evaporator (EBE) for
contact deposition (10 nm Ti and 100 nm Au). The completed
devices were then transferred to another vacuum chamber for
electrical characterization.

Noise measurement procedures

The noise spectra were measured with an in-house built experi-
mental setup, using a dynamic signal analyzer (Stanford
Research 785), after signal amplification by the low-noise
amplifier (Stanford Research 560). In order to minimize the 60
Hz noise and its harmonics, the voltage bias to the devices was
applied using a battery biasing circuit. The devices were con-
nected with the Lakeshore cryogenic probe station (TTPX). All
current-voltage characteristics measured in the
Lakeshore cryogenic probe station with a semiconductor pro-
perties analyzer (Agilent B1500). The dynamic signal analyzer
measured the absolute voltage noise spectral density, Sy, of a

were

This journal is © The Royal Society of Chemistry 2018



Nanoscale

parallel resistance network of a load resistor, R;, and device
under test, Rp. The normalized current noise spectral density,
S/, was calculated from the equation:

S;/T* = Sy x [(Ry + Rp)/(RL x Rp)]*/(I* x G?), (8)

where G is the amplification of the low-noise amplifier. The
noise measurement system and experimental procedures have
been validated with the experiments on other materials and
deViceS 45-50,58-60
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