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Low-Frequency Electronic Noise in Quasi-2D van der Waals
Antiferromagnetic Semiconductor FePS;—Signatures of

Phase Transitions

Subhajit Ghosh, Fariborz Kargar, Amirmahdi Mohammadzadeh, Sergey Rumyantsev,

and Alexander A. Balandin*

Low-frequency current fluctuations, i.e., noise, in the quasi-2D van der Waals
antiferromagnetic semiconductor FePS; with the electronic bandgap of 1.5 eV
is investigated. The electrical and noise characteristics of the p-type, highly
resistive, thin films of FePS; are measured at different temperatures. The
noise spectral density is of the 1/ftype over most of the examined tempera-
ture range but reveals well-defined Lorentzian bulges, and increases strongly
near the Néel temperature Ty =118 K (fis the frequency). Intriguingly, the
noise spectral density attains its minimum at temperature T = 200 K, which
is attributed to an interplay of two opposite trends in noise scaling—one for
semiconductors and another for materials with the phase transitions. The
Lorentzian corner frequencies reveal unusual dependence on temperature
and bias voltage, suggesting that their origin is different from the genera-
tion—recombination noise in conventional semiconductors. The obtained
results are important for proposed applications of antiferromagnetic semi-
conductors in spintronic devices. They also attest to the power of the noise

spectroscopy for monitoring various phase transitions.

1. Introduction

Transition-metal ~phospho-trichalcogenides, MPX;  where
M is a transition metal, e.g., V, Mn, Fe, Co, Ni, or Zn and X
is a chalcogenide as S, Se, Te, have recently attracted a lot of
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attention."% These layered quasi-2D van
der Waals (vdW) compounds have inter-
esting electronic, optical, and magnetic
properties that can offer new device func-
tionalities.” " It has been demonstrated
that some MPXj; thin films are one of the
rare few-layer vdW materials, which can
have stable intrinsic antiferomagnetism
(AF) even at mono- and few layer thick-
nesses.?%22l The existence of weak vdW
bonds between the MPX; layers makes
them potential candidates for the 2D spin-
tronic devices. The metal element of the
MPX; materials modifies the bandgap
from a medium bandgap of =1.3 eV to a
wide bandgap of =3.5 eV.l"3] The diverse
properties of these materials tunable by
proper selection and combination of the M
and X elements make the MPX; materials
an interesting platform for fundamental
science and practical applications.!"423-30]

Among MPX; materials, FePS; is par-
ticularly promising. Its Ising-type ordering allows it to main-
tain the bulk-like magnetic behavior down to a single mon-
olayer, which explains its moniker — “magnetic graphene.”®ll
The cleavage energy of FePSe; is slightly higher than that of
graphite, while that for all other combinations of the M and X
elements is lower than that of graphite.’? The Néel tempera-
ture, Ty, for FePS; is reported to be around 118 K.'22% It shows
strong magnetic anisotropy.'>3334 In the crystal, each Fe atom
is ferromagnetically coupled with two of its neighbors but
the layer is antiferromagnetically coupled with nearest layers
making it a zigzag-AF (z-AF) material. ! The semiconducting
nature of FePS;, with the energy bandgap of 1.5 eV, and a
possibility of the strain engineering of electron and phonon
band-structure create additional means for the control of both
electron and spin transport.”:3 The quantized spin waves,
i.e., magnons in FePS;, have frequencies in the terahertz (THz)
frequency range,’*] which makes this material interesting for
THz magnonic devices. However, the electron and spin trans-
port properties of FePS; have not been studied in sufficient
details yet to assess the potential of such materials for THz
applications.

Here, we report the results of investigation of low-frequency
current fluctuations, i.e., electronic noise, in thin films of
FePS; The current-voltage (I-V) and noise characteristics

© 2021 Wiley-VCH GmbH
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Figure 1. Material characteristics and test structure. a) Crystal structure of bulk FePS; material. b) The XRD data for the FePS; crystal. The inset shows
an optical image of a representative crystal. ¢) Raman spectrum of the exfoliated FePS; film on Si/SiO, substrate. The Raman data were accumulated
under 488-nm laser excitation at room temperature. d) Optical microscopy image of the fabricated test structure, containing four Cr/Au contacts.

were measured as a function of temperature to understand
their evolution below the room temperature (RT) and, particu-
larly in the vicinity of the Néel temperature of the transition
from paramagnetic (PM) to AF ordering. The knowledge of
the low-frequency noise is important for assessing the quality
of the material and its prospects for any electronic, spintronic
or sensor application.’®3%] The noise spectral density and its
dependence on external stimuli, e.g. electrical bias and tem-
perature, can shed light on electron transport, carrier recombi-
nation mechanisms and, what is most important in this case,
magnetic and metal-insulator phase transitions.l**-%! We have
previously used successfully the low-frequency noise measure-
ments as the “noise spectroscopy” for monitoring phase transi-
tions in the 2D charge-density-wave materials;¥ ) examining
the specifics of magnon transport in magnetic electrical insula-
tors;P% and clarifying the nature of electron transport in quasi-
1D vdW materials.”*?l Our measurements of noise in thin
films of FePS; reveal a number of interesting features, which
contribute to a better understanding of the properties of this AF
vdW semiconductor.

2. Experimental Details

For this study, we used high-quality single crystals of FePS;
(HQ Graphene), which were synthesized by the chemical
vapor deposition (CVD). The crystals had background p-type
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doping. Figure 1la shows the schematic of the monoclinic
atomic crystal structure of FePS; with C2/m symmetry. The Fe,
P, and S atoms are indicated by the violet, green and yellow
circles, respectively. The red and violet arrows indicate the up
and down directions of the z-AF spin ordering.?% The X-ray
diffraction (XRD) and Raman spectroscopy were used to verify
the material composition and crystal structure (see Figure 1b,c).
The Raman spectra were taken in the backscattering configu-
ration under 488 nm laser excitation. It is known that FePS;
crystal contains 30 irreducible zone center phonons at I" point
of the first Brillouin zone: I' = 8A, +6A, + 7B, + 9B, among
which only the A, and B, modes are Raman active.>** The
Raman active modes can be classified into the high-frequency
phonon modes, which belong to the internal vibrations of the
(P,S¢)* anions, and the low-frequency phonon modes, typi-
cally below 200 cm™, which correspond to the interaction of the
transition metals (Fe) with both the P and S atoms In our meas-
ured Raman spectrum, we were able to observe seven Raman
frequency peaks: 98 cm™ (A, B,), 158 cm™ (A,, By), 226 cm™
(Ag By), 247 cm™ (Ay), 279 cm™ (Ag, By), 380 cm™ (A,) and
579 cm™ (A,). The sharp peak at 520 cm™ comes from the Si/
SiO, substrate. The obtained Raman data are in line with the
literature reports attesting to the quality of the crystals.[5:20:53-57]

The test structures were prepared by mechanically exfoliating
bulk crystals onto a Si/SiO, substrate with the oxide thickness of
300 nm. The uniform and relatively thick layers (200-400 nm)
of the exfoliated layers were chosen in order to compensate for

© 2021 Wiley-VCH GmbH
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Figure 2. Current—voltage characteristics of FePS; antiferromagnetic semiconductor. a) Current-voltage characteristics of the FePS; test structure

measured at low voltage bias (<5 V) in the temperature range from 150

to 300 K. The I-V plots are almost linear at low voltages. The current at

150 K is small due to the high resistance of the FePS; channel. b) Current—voltage characteristics of the same test structure over extended bias range,
measured in the temperature range from 110 to 300 K. c) The same characteristics as in panel (b) but shown in the semi-log scale. The non-linearity
of I-V characteristics is pronounced at large biases. The resistance of the material increases with decreasing temperature. d) The current through the

FePS; channel as a function of temperature at fixed bias voltage.

the high resistivity of the material and increase the current level
in the device channels. The electron beam lithography (EBL)
was used to fabricate the device structures with four contacts.
The contacts were fabricated using Cr/Au metal stacks, with
the 2-um distance between the nearest contacts. The optical
microscopy image of the tested device is shown in Figure 1d.
The thickness of the channel of this device structure was deter-
mined with the atomic force microscopy (AFM) to be =300 nm.
Two terminal [~V characteristics were measured in vacuum
inside a cryogenic probe station (Lake Shore TTPX) in the tem-
perature range from RT down to =110 K.

3. Results and Discussions

Figure 2a shows the [-V measurement plots at lower bias volt-
ages (<5 V) between 300 K and 150 K where the IV curves are
nearly linear. Figure 2b shows measured [-V curves at different
temperatures at the extended voltage regimes, in the range
from RT down to 110 K. The [-Vs in semi-logarithmic scale are
presented in Figure 2c. The [-V characteristics are nearly linear
at small bias voltage as discussed above but became non-linear
for voltages above 10 V. Similar non-linear I-Vs have been
reported for other MPX; materials.>~27°8>% The study, which
reported linear [-Vs for FePS; devices, was limited to the lower
voltage regimes.[®] The exact nature of the non-linearity at high
bias voltage is still an open question. While some studies attrib-
uted it to the formation of the Schottky barriers at the junction
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between the channel and the metal contacts,??>8 the -V
characteristics of our devices plotted in semi-logarithmic scale
(se(c)) suggest deviation from the conventional Schottky barrier
thermionic model. Other possible reasons for non-linearity can
be related to both intrinsic properties of this material as well as
to such effects as surface charge accumulation under high elec-
tric bias. The local Joule heating does not seem to be a likely
mechanism due to the small level of the electric currents even
though MPX; materials have low thermal conductivity, which
can be further reduced in thin films owing to the phonon-
boundary scattering.%!

One can also see from Figures 2b—d that the resistivity of
the FePS; channel is the smallest at the highest temperature,
and increases as the temperature is reduced. This is expected
owing to the stronger thermal generation of the charge car-
riers at higher temperatures, which increases the concentration
of free carriers contributing to the current.®] The increase in
the resistivity appears to be particularly strong as the tempera-
ture reduces below T = 200 K (see Figures S1 and S2 in the
Supporting Information). Similar temperature dependence of
resistivity in such material has been reported previously.'62
For additional [-V characteristics, close to the Néel transi-
tion temperature Ty = 118 K, see Figure S3 in the Supporting
Information.

The low-frequency noise measurements of the fabricated
FePS; devices were carried out using an in-house experimental
setup. The schematic of the setup is shown in Figure 3a. The
equipment consists of six 12 V batteries, with the low internal

© 2021 Wiley-VCH GmbH
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Figure 3. Low-frequency noise spectra of FePS; thin films. a) Schematic of the noise measurements showing the biasing of the device under test (DUT).
b) The voltage-referred noise spectral density, Sy, as a function of frequency measured for different bias voltage at room temperature. c) The current
noise spectral density, S, as a function of the channel current at different temperatures and fixed frequency f=10 Hz. d) The normalized current noise
spectral density, S\/I%, as a function of frequency at different temperatures. The noise was measured at the constant channel current I = 50 nA. Note

the appearance of Lorentzian bulges at low temperatures.

noise, connected in series to supply a maximum of 72 V bias to
the system; a potentiometer to control the voltage drop across
the circuit; a load resistor; a low noise voltage preamplifier;
and a dynamic signal analyzer. The batteries were intention-
ally used as the voltage source instead of connecting the system
directly to the DC power source in order to minimize the effect
of 60 Hz power line frequency and its harmonics. Details of
our measurement protocol are described in the Methods sec-
tion and in prior reports in the context of other materials
systems.[##9515263-6%] Measuring low-frequency noise in con-
ductors with high electrical resistivity is challenging—one
needs to have a sufficient current level to obtain reliable data.
From the other side, one typically prefers to use the linear
region of the [-V characteristics for biasing the device during
the noise measurements.

The low-frequency noise spectra measured at RT for dif-
ferent bias voltages, Vp, varying from 0.14 V to 3.73 V are shown
in Figure 3b. The voltage-referred noise-power spectral density,
Sy, reveals the typical flicker noise trend, Sy = 1/f?, where f'is
the frequency and parameter y= 1. The 1/f noise is typical for
many semiconductor and metallic materials.”” We verified
that the 1/f noise level at the lowest applied bias, Vp = 0.14 mV,
is more than an order of magnitude higher than the back-
ground noise of the measurement system (refer to Figure S4
in the Supporting Information), confirming that the spectra in
Figure 3b are indeed resulting from the current fluctuations in
the device under test.

Figure 3c presents the spectral noise density of cur-
rent fluctuations, S;, as a function of current, I, at different
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temperatures. The data are shown at fixed frequency f= 10 Hz.
In general, the dependence of S; on the device current Iy is
expected to be quadratic, i.e., S; ~ Ip?, so that the slope in the
S versus I plot is close to 2. It is observed in various mate-
rials where the noise is 1/f type, without the superimposed
G-R bulges.*2%3 In our measurements the S;(Ip) depend-
ence at different temperatures does not show a perfect quad-
ratic scaling, Instead, we obtained S;(Ip) ~ Ip¢ where parameter
{is in the range between from 1.49 to 2.15. We attribute this
deviation to the non-linearity of I-V characteristics in the tested
devices. The deviation from the S; ~ Ip? law is an indication
that noise properties of the device depend on the applied bias.
This is a typical behavior for devices with non-linear current—
voltage characteristics.?>*?°859 Since the non-linearity of the
I-V characteristics is not related to the contacts, as discussed
above, the deviation from the quadratic S; ~ In? dependence is
attributed to the material itself. It is not related to any current
induced damage in the devices, e.g. onset of electromigration
owing to the small current levels used in the measurements.
The reproducibility of the noise data also attests to the absence
of any damage during the measurements.

The normalized noise-power spectral densities, S;/I% as a
function of frequency at different temperatures are presented in
Figure 3d and Figure S5a in the Supporting Information. These
spectra were measured at a fixed current through the channel,
Ip = 50 nA. The noise measurements were intentionally car-
ried out at the smallest current level to avoid even small Joule
heating of the channel near the expected phase transition tem-
perature points. At low temperatures, the measurements were

© 2021 Wiley-VCH GmbH
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conducted at 2-K interval in order to examine the effect of transi-
tion from PM to AF phase at the Néel temperature of 118 K. The
spectra show the 1/f noise as temperature decreases from 300 to
130 K. As it approaches Ty = 118 K, the spectrum develops pro-
nounced Lorentzian bulges. The spectral position of the Lorent-
zian bulges reveals a pronounced dependence on temperature.
Appearance of the Lorentzian bulges near the characteristic Néel
temperature of PM-AF phase transition and their strong tem-
perature dependence constitute additional proof that the noise is
associated with FePS; material, and not with the contacts. This
also excludes the possibility of a typical cutoff of the noise spec-
trum due to the amplifier used for signal acquisition.

The Lorentzian shape of the noise spectrum at T'=120 K and
below can be described by the equation S;(f)= S, X (f2/(f*+ f7)
where fis the corner frequency of the spectrum defined as
fo=(2m1)7, Sy is the frequency independent portion of the func-
tion S;(f) when f < f; and 7 represents the characteristic time
constant.*®>1 Tn most cases, the emergence of the Lorentzian
bulges in semiconductor devices is associated with the gen-
eration-recombination (G-R) noise, which is conventionally
interpreted as evidence that the material does have high con-
centration of certain defects, which would dominate the noise
properties.”” However, this is not the only possible origin
of the Lorentzian bulges. They can also be related to various
phase transitions that material is undergoing under changing
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temperature or applied electrical bias.*##°1 We have previ-
ously observed Lorentzian spectra associated with the charge-
density-wave (CDW) phase transitions,*®*! magnon transport
in electrically insulating materials,”® and electron transport in
bundles of quasi-1D vdW materials.’!! The noise mechanisms
leading to the appearance of Lorentzian bulges, which are asso-
ciated with the phase transitions, are completely different from
that of the G-R trapping noise.

To further analyze the effect of temperature and applied
bias on the noise spectra, we plotted the normalized noise-
power spectral density, S;/I%, multiplied by the frequency, i.e.,
fx S;/I2versus f. This procedure helps to separate the Lorentzian
features from the 1/f background. Figure 4a and Figure S5b in
the Supporting Information illustrate how the maxima, which
correspond to the corner frequencies, f;, are shifting with the
temperature. The data are presented for I, = 50 nA. Figure 4b
presents fxS;/I% versus ffor the fixed temperature T =110 K and
varied channel current, I. For each spectrum, we determine
the corner frequency by numerical fitting (see Figures S5-S8
in the Supporting Information). The corner frequency, f,, at dif-
ferent currents, is shown as a function of 1000/ T in Figure 4c.
It increases strongly near the Néel temperature and follows the
same trend across all currents. The corner frequency values at
118 and 120 K for higher currents are out of the measured fre-
quency range. From the Arrhenius plot of In(f) versus 1000/T
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Figure 4. Lorentzian spectral features in the noise spectra. a) The normalized noise spectral density multiplied by the frequency, S,/I2 x f, as a function
of frequency measured near the Néel temperature at the constant channel current I = 50 nA. b) The normalized noise spectral density multiplied by
the frequency, S/I12 X f, as a function of frequency measured for different channel currents at a fixed temperature T =110 K. c) The corner frequency,
fo, of the Lorentzian noise components as function of the inverse temperature, 1000/T, measured at different channel currents. The corner frequency
attains its highest value at the Néel temperature Ty = 118 K. The dashed lines are guides for the eye. d) The corner frequency, f;, of the Lorentzian
noise components as function of the applied bias voltage measured at different temperatures. Note the strong dependence of the corner frequency

on temperature and bias voltage.
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Figure 5. Current fluctuations in the time domain. a) The time-domain noise spectra near the Néel temperature. The current fluctuations measured
in the temperature range from 110 to 120 K reveal clear signatures of the random telegraph signal noise. The black arrows indicate representative RTS
pulses at each temperature. b) The time-domain noise spectra near the room temperature. No random telegraph signal noise is observed. Note that
in both panels, the large spikes are due to the electromagnetic interference and should be ignored in the data analysis.

in Figure 4c, we have also extracted the “noise activation”
energy, E,, to be 0.9 eV for this material (refer to Figure S9 in
the Supporting Infomation). In semiconductors, this activation
energy is usually associated with the exponential dependence
of the characteristic emission time from the trap level to con-
duction or valence bands 7, o exp(—E,/KT).’ However, this
activation energy is unrealistically large for a semiconductor
with the 1.5-eV energy bandgap. The latter confirms our conclu-
sion that the Lorentzian noise bulges are not of G-R charge car-
rier trapping — de-trapping origin. Since the Lorentzian bulges
were observed at temperatures close to the Néel temperature
we argue that these spectral features are associated not with the
GR noise but with the PM-AF phase transition. The additional
evidence for this conclusion comes from the fast increase of the
corner frequency with the applied bias voltage (see Figure 4d).
Such a strong dependence of f. on Vp is unusual for conven-
tional trapping G-R noise. However, it is common in CDW
materials where Lorentzian bulges appear at the nearly com-
mensurate to incommensurate CDW phase transition. ]
Figure 5a,b show the current fluctuations, i.e., noise, in the
time-domain near the Néel temperature and high temperature,
respectively. The large sharp peaks in both figures are due to
the external electromagnetic influence since they were also
observed without the electrical bias. These features should be
ignored in the analysis. As one can see in Figure 5a, the noise
has the form of the pulses with nearly constant amplitudes
and random duration and intervals between the pulses. The
amplitude of the pulses depends only weakly on temperature.
This type of current fluctuations is referred to as the random
telegraph signal (RTS) noise. The RTS noise appears when
only one fluctuator within the whole sample is responsible for
noise.l’*7273] Since the assumption that the macroscopic sample
includes only one charge carrier trap, which contributes to
noise, is not realistic, the existence of the RTS noise is a fur-
ther proof that this noise, and the corresponding Lorentzian
bulges in the frequency domain, are associated with the phase
transition. The RTS noise disappears at higher temperatures
(Figure 5b), which is in line with our explanation. Our conclu-
sions are further supported by the analogies in the noise fea-
tures, which we have observed earlier near phase transitions in
the CDW materials.##] One can envision the use of the low-
frequency noise measurements for the noise spectroscopy of
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various phase transitions in different types of materials. In this
regard, the noise can be interpreted as a signal similar to the
fluctuation-enhanced sensing./

We now look closely at the evolution of the normalized
noise spectral density, S;/I°, as a function of temperature (see
Figure 6a—d). One can see a consistent trend at every frequency
and current through the device channel. At T < 200 K, the noise
increases as the temperature decreases and reaches the Néel
transition temperature to AF phase. One can expect that the
noise will be close to its maximum value near the phase tran-
sition temperature, in this case, from PM to AF phase. At this
point, the material system is undergoing structural change, often
characterized by an increased disorder and, as a result, increased
electronic noise. The increased noise can also be associated with
abrupt changes in the resistance and instability of the char-
acteristics of the material at the phase transition. In general, it
is possible that a maximum in the noise should signal a phase
transition.” #9757 Prior studies indicate that the noise increases
in the vicinity of the metal-insulator transition,” spin glass tran-
sition,”®”/ and other various phase transitions.”7’)

The noise temperature dependence at around T = 200 K,
where it attains minimum, is intriguing (see Figure 6a—d and
Supplemental Figure S10). Previously, this temperature was
identified as a possible Mott metal-insulator transition point for
FePS;.%2 The latter was established via measurements that
involved an application of high pressure.*4 One would expect
a noise increase at the metal-insulator transition. To explain
the noise minimum near 200 K, we consider the following
physical mechanism. The conventional models of the low-fre-
quency noise in semiconductors predict the noise magnitude
proportional to temperature. For example, in McWhorter’s
theory, the noise spectral density scales with temperature as
S; ~ kgT (here kg is the Boltzmann constant).®% This explains
the decrease of the noise with the temperature decrease from
300 to 200 K. The increase in the noise level with the further
temperature decrease is associated with the early effect of the
phase transition at Néel temperature. In this scenario, the posi-
tion of the noise minimum is an interplay of two trends—one
is the noise temperature dependence typical for semiconduc-
tors and the other one is the noise increase near the phase
transition point. There have been reports of a similar trend in
electrical noise from the spin fluctuations versus temperature

© 2021 Wiley-VCH GmbH
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Figure 6. Noise evolution with temperature. The normalized current noise spectral density as a function of temperature plotted for three different
frequencies f=1Hz, 5 HOz and 10 Hz. The data are presented for several fixed current levels, Ip, to demonstrate the consistency and reproducibility:
(a) 50 nA, (b) 100 nA, (c) 200 nA and (d) 300 nA. The noise level attains its maximum near the Néel temperature. The non-monotonic dependence of
noise spectral density on temperature is likely related to an interplay of two opposite trends in noise scaling—one for semiconductors and another

for materials with the phase transitions.

in CuMnl® and Cr.””! While noise scaling in metals is more
complicated one can envision a similar interplay resulting in
non-monotonic dependence of noise on temperature.

3. Conclusions

We investigated low-frequency noise in the quasi-2D van der
Waals AF semiconductor FePS; with the electronic bandgap of
1.5 eV. The noise spectral density was of the 1/ftype over most
of the examined temperature range but reveals well-defined Lor-
entzian bulges, and it increases strongly near the Néel tempera-
ture Ty = 118 K. Intriguingly, the noise spectral density attained
its minimum at temperature T = 200 K, which is likely related
to an interplay of two opposite trends in the noise scaling—one
is the noise decrease following the dependence S; ~ kgT, as
observed in conventional semiconductors, and another one is
the noise increase for materials with the phase transitions. This
explains the noise reduction with the temperature decreasing
from 300 to 200 K, and noise increase with further decrease in
temperature associated with the early effect of the phase tran-
sition at Néel temperature. The noise spectra revealed well-
defined Lorentzian bulges near the Néel temperature Ty =
118 K. The Lorentzian corner frequencies depend strongly on
temperature and bias voltage, suggesting that their origin is
different from the conventional generation—recombination
noise. The observed Lorentzian spectral features are signatures
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of the AF phase transitions rather than electron trapping and
de-trapping by the defects. The obtained results are important
for proposed applications of antiferromagnetic semiconductors
in spintronic devices. They also attest to the power of the noise
spectroscopy for monitoring phase transitions of various nature
and in different materials.

4. Experimental Section

Device Fabrication: We employed the electron beam lithography
(EBL) to fabricate the devices for the noise measurements. The bulk AF
semiconductor crystals were mechanically exfoliated on top of the Si/
SiO, substrates. The exfoliated layers with desired thickness were selected
for device fabrications. The substrates containing FePS; flakes were spin
coated with layers of A4 PMMA in a photo-resist spin coat station. The
resist coated layers were then placed inside an EBL system (Leo SUPRA
55 SEM/EBL). The predesigned patterns were written on the surface of
the substrates. Once completed, the substrates were developed with a
standard solution. After that the metals (Cr/Au) were deposited using an
electron beam evaporator tool (Temescal BJD 1800) to create the contact
electrodes. The thickness of the thin film of the devices were measured
using the atomic force microscopy (AFM) system (Dimension 3100).

Noise Measurements: The noise spectra were measured with a
dynamic signal analyzer (Stanford Research 785). To minimize the
60 Hz noise and its harmonics, we used a battery biasing circuit to apply
voltage bias to the devices. The devices were connected to a cryogenic
probe station (Lakeshore TTPX). The I-V characteristics were measured
in the cryogenic probe station with a semiconductor analyzer (Agilent
B1500). The noise measurements were conducted in the two-terminal

© 2021 Wiley-VCH GmbH
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device configuration. The dynamic signal analyzer measures the absolute
voltage noise spectral density, Sy of a parallel resistance network of a
load resistor, R, and the device under test (DUT), Rp. The normalized
current noise spectral density, S/, was calculated from the equation:
Si/1? =Sy x [(RL+ Rp)/(RLx Rp)J?/(1* X G?), where G is the amplification
of the low-noise amplifier.
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