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ABSTRACT

We report the results of the investigation of low-frequency electronic noise in ZrS; van der Waals semiconductor nanoribbons. The test
structures were of the back-gated field-effect-transistor type with a normally off n-channel and an on-to-off ratio of up to four orders of mag-
nitude. The current-voltage transfer characteristics revealed significant hysteresis owing to the presence of deep levels. The noise in ZrS;
nanoribbons had spectral density S; ~ 1/f” (f is the frequency) with y = 1.3-1.4 within the whole range of the drain and gate bias voltages.
We used light illumination to establish that the noise is due to generation-recombination, owing to the presence of deep levels, and deter-
mined the energies of the defects that act as the carrier trapping centers in ZrS; nanoribbons.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143641

After the invention of graphene, it was soon realized that many
other layered materials can be exfoliated or grown in the form of low-
dimensional structures. Among them are transition metal dichalcoge-
nides and trichalcogenides, which can form two-dimensional (2D)
and one-dimensional (1D) structures of one or a few atomic layers or
chains, respectively.' In transition metal dichalcogenides, weak van
der Waals (vdW) force binds individual 2D atomic layers, and in tran-
sition metal trichalcogenides, the vdW force binds 1D atomic
chains.”” Therefore, these materials are known as 2D and 1D vdW
materials. The low-dimensional structures reveal a wide spectrum of
properties, from metallic to wide-bandgap semiconducting. Many 2D
dichalcogenides, e.g., MoS,, MoSe,, and WS, have already been stud-
ied in detail (see Refs. 6-8 and references therein). The
1D trichalcogenides are much less explored systems. The existing
reports mainly focus on synthesis methods, electron and phonon band
structure calculations, and optical properties.” "' With the exception
of TiS;,"” the electrical properties of 1D vdW semiconductors have
not been systematically studied. The investigated metallic 1D vdW
nanoribbons of TaSe; and ZrTe; revealed exceptionally high current
densities of the order of 10-100 MA cm ™ %'”""” The mechanism of
light-enhanced gas sensing by ZrS; nanoribbons was studied in Ref.
16. The polymer composites with low loadings of quasi-1D TaSe;

nanoribbon fillers (<3 vol. %) demonstrated excellent electromagnetic
interference shielding within the frequency range from the X-band to
subterahertz frequencies while remaining DC electrically insulating."”
The promising results obtained for 1D vdW metallic nanoribbons
motivate the investigation of the 1D vdW semiconductors for potential
electronic applications.

For electronic devices, the level of electrical noise, particularly
low-frequency noise, is important. We are aware of only a few reports
on the noise properties of vdW quasi-1D trichalcogenides nanowires.
The noise properties of TaSe; metallic nanowires were studied in Ref.
18. It was found that TaSe; nanowires have lower levels of noise com-
pared to carbon nanotubes and graphene. The temperature-dependent
measurements revealed that the 1/f (f is the frequency) noise mecha-
nism in TaSe; complies with the Dutta—Horn model.”” Low-
frequency noise investigation of ZrTe; nanoribbons found the
1/f noise behavior near room temperature (RT) and
generation-recombination (G-R) noise at low temperatures.”” The
corner frequency of the G-R noise was found to be dependent on the
applied voltage. This effect was explained by the Frenkel-Poole mech-
anism. The low-frequency noise in 1D (TaSes),] Weyl semimetal
nanoribbons and its relation to the Peierls phase transition was
reported in Ref. 21. The available studies of ZrS; vdW semiconductors
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are mainly focused on the optical properties of bulk crystals’**® and

exfoliated nanoribbons.”” *’ Here, we report on the experimental
study of low-frequency noise in ZrS; nanoribbons and its theoretical
analysis, which allowed us to determine a number of interesting char-
acteristics of this material, important for future electronic applications.

The crystal structure of ZrS;, as of many other trichalcogenides,
insures the anisotropy of its mechanical and electrical properties in all
three directions. Such vdW materials exfoliate not in the form of rect-
angular or circular nanowires but rather into ribbons with widths
larger than their thicknesses. The crystals of ZrS; can be grown by a
chemical vapor transport technique.'””" More details about the syn-
thesis method and material characterization data can be found in Ref.
32. The quasi-1D ZrS; nanoribbons for the test structures were pre-
pared by mechanical exfoliation on Si/SiO, substrates using a transfer
system with micro-manipulators. The field-effect-transistor (FET)
type structures were fabricated by standard e-beam lithography and
e-beam metal evaporation. Figure 1(a) shows a schematic view of the
studied ZrS; nanoribbon device along with a DC biasing scheme.

(a) (b)
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The optical image of the fabricated test structure based on the exfoli-
ated and transferred ZrS; nanoribbon is shown in the inset in Fig.
1(b). Five contacts formed four samples of width (Wg) ~2.2 um and
length (Lg) ~ 1.3 um. The low-frequency electronic noise was mea-
sured in a frequency range from 0.5 to 100 Hz. The noise spectral den-
sity of voltage fluctuations (Sy) was measured across a load resistor
(Ry) amplified by a low-noise amplifier and analyzed by a dynamic sig-
nal analyzer. The voltage-referred noise spectral density (Sy) was con-
verted into a noise spectral density of the short circuit current
fluctuations (Sy) by using the equation §; = Sv(ﬁﬁiﬁi)z, where Rp, is
the device resistance.

Figure 1(b) presents an example of the transfer current-voltage
characteristics of the ZrS; nanoribbon FET measured in the dark at
RT. The arrows in Fig. 1(b) show the directions of the forward and
reverse voltage sweeps. The drain current (Ip) increases with increas-
ing gate voltage (Vi) demonstrating a normally off #n-channel FET
behavior with a threshold voltage (V;,) around ~14V for the forward
voltage sweep. All four studied devices demonstrated a similar
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behavior with the threshold voltage varied between 12 and 25V. The
presence of a significant hysteresis of the transfer characteristic was
attributed to the charge traps at the SiO,/ZrS; interface and inside the
nanoribbon. Similar transfer characteristics were reported in Refs. 30
and 31. Typical output current-voltage characteristics at different gate
voltages are presented in Fig. 1(c). These characteristics are linear at
low drain voltage (Vp) with the tendency to sub-linearity at higher
voltage, as expected for a conventional FET. The linearity at small
drain voltages indicates reasonably good Ohmic contacts. The transfer
characteristics in a forward voltage sweep of a representative device at
different temperatures are shown in Fig. 1(d). One can notice the lin-
ear regions at the medium gate voltages and the trend to saturate at
high gate voltages, where the contact resistance starts to contribute to
the overall drain-to-source resistance.

The measured transfer characteristics depend strongly on tem-
perature [see Fig. 1(d)]. The threshold voltage decreases and the slope
of the linear part of the characteristic increases with increasing temper-
ature. To make the trends clearer, the current-voltage transfer charac-
teristics at different temperatures are shown in the semi-logarithmic
scale in Fig. 1(e). One can see the on-to-off ratio of about four orders
of magnitude. The average subthreshold slope of the exponential
dependence, I o< exp(qVa/nkT), is characterized by a relatively high
factor n =2 60 at T= 360K (here, g is the elementary charge, and k is
the Boltzmann’s factor). One can also notice dips on the exponential
part of the characteristics, which can be explained by the presence of a
deep level. The linear regions of the characteristics shown in Fig. 1(d)
are defined by the electron concentration and the mobility. The field-
effect mobility can be found as

dip 1 Lg

- . 1
HrE dVe CVp Wo (1)

Here, C = ¢¢/d is the capacitance per unit area, & is the permittivity
of a vacuum, and ¢ and d are the relative permittivity and thickness of
the silicon dioxide, respectively. Figure 1(f) shows the Arrhenius plot
for the mobility temperature dependence, which yields two activation
energies of E,; = 0.09 and E,, = 0.35¢eV.

The low-frequency noise spectra of current fluctuations in ZrS;
nanoribbon structures at different drain voltages and under dark con-
ditions are shown in Fig. 2(a). At all biases, both in the weak and
strong inversion, the spectra have the 1/f” noise shape with the expo-
nent y = 1.3-1.4, weakly dependent on the drain and gate voltages.
The drain-voltage dependence of the noise spectral density (S;) at Vg

—_—
LY
—

(b)

ARTICLE scitation.org/journal/apl

= 5V is presented in the inset in Fig. 2(a). One can see that S is pro-
portional to Vp, which implies that resistance fluctuations (JR) are
responsible for the 1/f noise and the drain current makes these fluctua-
tions visible. The low-frequency noise in the majority of semiconduc-
tor FETs complies with the number of carriers’ fluctuations
mechanism, described by the McWhorter model.”* However, this is
not always the case for low-dimensional vdW materials. For example,
it was recently demonstrated that the 1/f noise in h-BN encapsulated
graphene can be dominated by the mobility fluctuations.” In accor-
dance with the McWhorter model, the 1/f noise originates from the
tunneling of carriers from the channel to the traps in the gate dielec-
tric. The relative spectral noise density of the drain current fluctuations
at the linear part of the transfer current-voltage characteristic is given
by the following equation:™*

S KN @
I D OCfWGLan
where N, is the effective trap density, #; is the carrier concentration,
and o is the attenuation coefficient of the electron wave function under
the barrier (~10*cm™"). The input gate voltage noise (Sy,) in the
McWhorter model can be found as

- S[ IZD - kTZ\/}q2
Ve Iégrzn o ()CfVV(;LGC2 ’

where g, is the transconductance. Both, Egs. (2) and (3), can be used
to estimate the effective trap density (IN;) responsible for the 1/f noise.
Equation (3) is preferable because it does not contain the concentra-
tion (1) and the uncertainty in this parameter is eliminated. Another
advantage of Eq. (3) is that unlike the noise spectral density (Sy), the
input gate voltage noise (Syg) is not affected by the contact
resistance.”

The dependence of the noise spectral density (Syg) on the gate
voltage in the ZrS; nanoribbon FETs is shown in Fig. 2(b). As one can
notice, Sy, does not depend on the gate voltage, which is in line with
the McWhorter model [see Eq. (3)]. The extracted effective trap den-
sity from Eq. (3) yields N, ~ 3 X 10*2eV~! ecm ™. This value looks
unrealistically high. The ZrS; nanoribbon test structures were pre-
pared using high-quality SiO,/Si wafers and there are no reasons for
such a high trap density in the SiO, layer. This suggests that the actual
noise mechanism differs from the conventional McWhorter model.
Most likely, the traps associated with the defects, which are responsible

(©)
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for noise, are located not in the oxide layer but inside the nanoribbon.
Probably the same traps are responsible for hysteresis on the current—
voltage characteristics. In this case, the extracted trap density should
be considered as a noise figure of merit and called an effective trap den-
sity. This observation can be extended to other vdW materials and
devices fabricated by the transfer of ribbons. In this case, the extracted
trap density should be considered as a noise figure of merit and called
an effective trap density, which can be used as the metric for the mate-
rial and interface quality. This observation can be extended to other
vdW materials and devices fabricated by the transfer method. The spe-
cific rate of the noise scaling with Ry, in our quasi-1D material is differ-
ent from the dependence Si/In? @ 107 'Ry proposed in Ref. 37 on the
basis of experimental data for carbon nanotubes. Our experimental
results comply well with the dependence S/Ip® = 2x 107" Ry~
Therefore, one can see that noise in ZrS; semiconductor nanoribbons
is smaller than that in carbon nanotubes at R < 5 GQ.

One of the advanced methods to study the nature of the 1/f noise
in semiconductors is the noise measurements under light illumination.
The theory of the influence of light on the 1/f noise in semiconductors
was developed in Ref. 38 (see also review in Ref. 39 and references
therein). In accordance with this model, the 1/f noise originates from the
fluctuations in the number of carriers due to the fluctuations of the occu-
pancy of trap levels responsible for noise. The illumination can change
the occupancy of these levels, and as a result, modify the noise spectrum.
In order to form the 1/f spectrum, one requires several trap levels with
different characteristic times or a continuous spectrum of the density of
state tails near the band edges as it was assumed in Ref. 38. The spectral
noise density of the G-R noise due to a single level is given by

S; 4Nyt F*(1—F)

o1 , 4
B VAl + (onF) @

where Ny is the trap concentration, V is the sample volume, F is the
occupancy of the level, t. = (gnv) ' is the capture time, ¢ is the cap-
ture cross section, v is the thermal velocity, # is the volume electron
concentration, and @ = 27f is the circular frequency (see Ref. 40 and
references therein). It is clear from Eq. (4) that the normalized noise
spectral density (Si/I,”) depends non-monotonically on the occupancy
function (F) and, therefore, on the intensity of light. One can also see
from Eq. (4) that different levels with different occupancy functions in
the dark should respond differently to illumination. As a result, the
shape of the noise spectra should depend on the illumination. This
effect was also observed for conventional semiconductors such as

ARTICLE scitation.org/journal/apl

GaAs, Si (see review in Ref. 40 and reference therein), and GaN nano-
wires."" It was found that illumination reduces the slope of the 1/f”
spectrum making it flatter (i.e., reducing the exponent 7). We studied
noise in the ZrS; nanoribbons under illumination from the micro-
scope incandescent bulb powered from a DC power source. This
kind of bulb has a significant part of the emission spectra in the
visible range of the spectra that correspond to the ZrS; bandgap of
E, ~ 1.8-2.0eV (~2.0eV corresponds to red light).ﬁ'z’44 Therefore,
this band-to-band illumination creates electrons and holes. Minority
carriers, holes in this case, can be captured by the trap levels responsi-
ble for the noise. As a result, the occupancy of the traps changes.”” We
found that both resistance and low-frequency noise are strongly sensi-
tive to illumination. Figure 3(a) shows the normalized noise spectral
density (S/Ip?) in the dark environment and under illumination mea-
sured at high gate voltage of Vg = 30V (strong inversion). As
expected, the shape of the noise spectra changes. It is important that
illumination decreases the noise at low frequencies. Therefore, the
change in the noise spectra cannot be explained by the noise of the
light source. Contrary to the previous studies of noise under illumina-
tion in conventional semiconductors, Si and GaAs,” the effect of light
on ZrS; nanoribbons was observed under the condition of high photo-
conductivity. Therefore, an increase in the electron concentration con-
tributes to the effect of light on noise [see Eq. (4)]. To exclude this
effect, we analyzed the noise spectral density (S;), which does not
depend on electron concentration and is given by

_ 4N,Zq2/,t2 VéArch(l —F)
L+ etP)

St (5)
where A = Wgh is the sample cross section and £ is the thickness of
the ribbon. Figure 3(b) shows the dependences of the noise spectral
density (S;) on the light intensity adjusted by the power supplied to the
bulb. The higher the frequency the stronger the effect of light is on
noise. At the lowest frequency of f=0.5Hz, illumination does not
affect the noise. If we assume that the shape of the spectra is the same
at even lower frequencies, noise reduction at f<0.5Hz will be
expected. The strong effect of illumination on noise is a solid argument
that noise in ZrS; nanoribbons is due to the trap levels.

In conclusion, we investigated low-frequency electronic noise in
ZrS; vdW nanoribbons. The test structures were of the back-gated
field-effect-transistor type with a normally off n-channel and an
on-to-off ratio of up to four orders of magnitude. The noise in
ZrS; nanoribbons has spectral density S;~1/f” (fis the frequency) with

(a) (b)
§10_4 Z Currenty,, = 11.56 nA 10719 o= 1156 mA e
) \‘/{1'3 Currentyumination = 32.2 A — ‘ nons = . FIG. 3. (a) Noise spectra (Sy/lp?) of the
o 5 T Y fosH: o @ ® studied device in a dark environment and
Q_ ~ under illumination. (b) Dependences of
“ £ the noise spectral density (S;) on the illu-
g 107 w mination intensity, in arbitrary units at dif-
b 2 ferent frequencies. The current shown
% § next to the experimental points is the drain
) r,xo*“ current, which can serve as a measure of
2 = Dark 102t} = the light intensity.
2 10 |—— lllumination V=30V V=2V ) . . Ve=30V Vp=2V
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7 = 1.3-1.4 within the whole range of the drain and gate bias voltages.
We used temperature-dependent measurements and light illumination
to establish that the noise is of generation-recombination origin,
owing to the presence of deep levels in ZrS; nanoribbons. We estab-
lished the energies of the defects, which act as the carrier trapping cen-
ters. The results contribute to understanding the carrier transport in
the new type of quasi-1D semiconductors and are important for their
future applications. They also extend the use of the low-frequency
noise spectroscopy for material quality assessment to a range of 1D
vdW materials.
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