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ABSTRACT OF THE DISSERTATION
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Low-frequency electronic noise, also referred to as excess noise, is present in almost all
electronic materials and devices. It is usually desirable to reduce this noise type since it
directly contributes to the phase noise of electronic devices and communications systems.
However, measurements of the low-frequency noise can also provide valuable information
on the material quality and electron transport. In this dissertation research, we developed
approaches for electronic noise spectroscopy and applied them to a range of electronic
materials and devices, including GaN and diamond high-current diodes, antiferromagnetic
semiconductors, and Weyl semimetal nanowires. The excess noise includes the 1/f and
generation-recombination (G-R) noise with a Lorentzian type spectrum (f is the frequency).
The 1/f noise can be an early indicator of electromigration damage and provide insight into
the nature of reliability-limiting defects in materials and devices. The noise in most of the
tested GaN devices had a characteristic 1/f spectrum at high and moderate currents, while

some devices revealed G-R bulges at low currents. Temperature, current, and frequency

viii



dependences of noise suggest that the noise mechanism in GaN diodes is of recombination
origin. We argue that the noise measurements at low currents can be used to efficiently
assess the quality of GaN diodes. The G-R bulges are characteristic of diamond diodes with
lower turn-on voltages. The characteristic trap time constants, extracted from the noise
data, show a uniquely strong dependence on current. The noise spectral density of FePS3
was of the 1/f-type over most of the examined temperature range but revealed well-defined
Lorentzian bulges, and increased strongly near the Néel temperature Ty=118 K. The noise
attained its minimum at temperature T~200 K, which was attributed to an interplay of two
opposite trends in noise scaling — one for semiconductors and another for materials with
phase transitions. The obtained results are important for proposed applications of

antiferromagnetic semiconductors in spintronic devices.
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1. Introduction to the Electronic Noise

1.1 Introduction

Noise is an unwanted signal which can interfere with the true electrical signal (current and
voltage) of any electronic system and affect its performance [1-4]. In theory, the DC signal
of any electronic system is time-invariant. However, the presence of noise can significantly
perturb the DC signal which in turn can fluctuate in its amplitude with time even without
any external interference. The nature of such perturbation is random and therefore it is
difficult to completely get rid of such noise from any electronic system [1,2]. Electronic
noise which originates from external sources such as AC power lines, acoustic and
photonic vibrations, and electromagnetic interference can significantly alter the operational
quality of the system. However, noise caused by such external factors can be greatly
reduced with a proper experimental setup [2]. On the other hand, electronic noise can also
be originated internally from any electronic material and device due to random fluctuation
in electronic transport phenomena [5-9]. The random nature of such noise originating
intrinsically in the system due to perturbation of physical processes can make it difficult to
eliminate it. In this chapter, we will discuss such internal electronic noise especially noise
in the low-frequency regime (f <100 kHz, f is the frequency) called low-frequency noise
[8]. Low-frequency noise, present in every electronic and communication system can

interfere with the system performance [10-12]. Although mostly present in the lower



frequency regime, such noise can upconvert to phase noise and degrade the performance
of high-frequency applications [12]. Therefore, it can limit the operating range of any
communication system. However, measurements of the low-frequency noise can also
provide valuable information on the material quality and electron transport. Low-frequency
noise has been extensively used to study the reliability of electronic devices [13-15].

Besides, it has also been used to study the phase change of materials [16-18].

1.2 Type of Electronic Noise

The intrinsic electronic noise can be categorized into four main types:

1) Thermal Noise: Thermal noise also named Nyquist or Johnson noise is present in
every electronic system. In 1926 John B. Johnson discovered this type of noise at Bell
Laboratories and H. Nyquist published the theoretical interpretation of thermal noise after
2 years in 1928 [19]. The origin of such noise is due to the thermal motion of the charge
carrier (electron) within an electronic material [8]. Thermal noise is unavoidable as the
electron can be thermally excited and its motion becomes random. Consequently, such
random motion of electrons can result in a net flow of small current without any external
bias owing to the deviation in carrier concentrations between two regions. In the frequency
domain, the noise spectral density of thermal noise is independent of the corresponding

frequencies and remains constant. For this reason, this type of noise is also called white



noise. The spectral density of thermal noise for any resistance R at a non-zero temperature

T can be expressed as [2,8]
Sy = 4KTRor 5, = 4T/,

Where K = Boltzmann’s constant

2) Shot Noise: Shot noise can originate in any electronic device with a potential barrier
(such as semiconductor pn junction diode) due to the discrete nature of charge carriers
[20,21]. The electron can pass through the potential barrier randomly. Shot noise was
discovered by W. Schottky in 1918 [21]. Like thermal noise, shot noise also shows white
noise behavior since its spectral density is frequency independent. The spectral density of
shot noise of a charge g flowing through a barrier with average DC current | can be
expressed as [2,8]

3) Generation-Recombination Noise: In semiconductor material band structure, trap
states exist in the forbidden gap between valence and conduction bands due to the presence
of impurities or defects. The transition of charge carriers (electrons and holes) between
valance and conduction bands can be hindered by these trap levels which can capture the
charge carriers randomly and then release them. Such random capture and emission by the
trap states can give rise to fluctuation in electronic transport in the form of noise. This type
of noise is called generation-recombination (GR) noise [22,23]. The fluctuation governing

GR noise can emerge due to changes in carrier number, carrier mobility, electric field etc



[22,23]. It is important to note that not all trap levels within the forbidden gap can produce
GR noise through random carrier capture-emission. To generate GR type noise, the trap
state should be closer to the Fermi level [2]. The power spectral density of GR noise is

Lorentzian in shape and can be expressed as [8]:

5=/
7 /1 + @2rf1)?]
Where So = frequency-independent part of the spectral density when f < (2rt)™*and ¢ =

the time constant for a specific trap state.

Random telegraph noise (RTS), also known as popcorn or burst noise is a special type of
GR noise with similar Lorentzian shape in the frequency spectrum [24,25]. In this type of
noise, telegraphic waveforms with randomly oriented pulses can be observed in the time
domain. RTS noise can occur if the noise is generated by a few trap states with a similar
time constant creating a two-level system with random capture and emission between the
states which generate pulses in the transient response [25]. RTS noise can only be

distinguished from corresponding GR noise from the time domain response.

4) 1/f Noise: 1/f noise which is also popularly known as flicker or excess noise is one of
the common types of low-frequency noise which can be found in almost all semiconductor
materials and devices [1-10, 26,27]. The 1/f noise was discovered by J. B. Johnson while
he was attempting to experimentally prove the shot noise phenomenon as theorized by W.

Schottky [26]. Unlike shot noise, the observed noise in his experiment was not frequency-



independent white noise. The spectral density of 1/f noise follows the equation [8]

Si(f)~1/fY Where y = 1
The 1/f noise spectra in the lower frequency regime follow the power law (power inversely
proportional to the x-axis). Thus, 1/f noise is also called pink noise. 1/f type power spectra
have been observed in many diverse fields such as physics, biology, economics, geology
etc.
The origin of 1/f type noise in semiconductor materials and devices is still a debatable topic
with many theories trying to explain the possible noise origin [28]. In general, the current
(1) in an electronic system can be expressed as [4,5]:

I = qNu where N =no of carriers and u = carrier mobility
Therefore, current fluctuations (41) can be written as:
Al = q(AN)u + qN(4p)

Therefore, the current fluctuation can be described either by the carrier no fluctuations or
carrier mobility fluctuations. One theory for the possible origin of 1/f noise is explained as
the consequence of carrier fluctuations. In this case, 1/f noise is generated when a large no
of trap levels with distinct time constants creates individual GR type Lorentzian spectrum
which superimposes together to create a 1/f envelope over a range of frequencies. The

distribution of trap level time constants can be explained as [2]:

g(®) = /ln (:—Z)r when 7; < T < 1, and g(r) = 0 otherwise.
1

Here, the spectral density becomes,

s, ~B when 1/2nt; K f K 1/2nt
I /41n(r—2)f 1 KL f 1

T1
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Figure 1-1: Schematics representation of electronic noise. (a) The power spectral density
of 4 Lorentzian-shaped generation-recombination (GR) noise with varying time constants.
The tale of each Lorentzian curve follows 1/f2 dependence. The superposition of the GR
noise spectra creates 1/f type noise at the frequency ranges. (b) The power spectral density
of a typical noise spectrum consists of low-frequency noise (1/f noise, GR noise) and white
noise (thermal noise) floor at higher frequencies.



The superposition of the GR noise spectrum of several distinct trap levels as the origin of
1/f noise was explained by McWhorther’s model for field effect transistor (FET) [29].
Another established empirical model to explain the origin of 1/f noise was created by

Hooge from the notion of mobility fluctuation [5]. Hooge’s formula is as follows

Sp Oy
RZ  fN
a SR _ 51 _ Sy
Where o= Hooge parameter and 21272

The schematic representations of different types of electronic noises are shown in Figures

1-1.

1.3 The Home-Built Noise Measurement System

Owning to its high sensitivity, the low-frequency noise measurements were conducted
inside a specially designed laboratory room to avoid any potential external interference
(such as electromagnetic interference, acoustic vibrations etc.). The noise measurements
were done by using a home-built noise system consisting of separate instruments such as
DC batteries, a low-noise preamplifier (SR 560), a dynamic signal analyzer (Photon+ Bruel
and Kjaer), and a semiconductor analyzer (Agilent B1500) for additional electrical testing.
The device under test (DUT) was kept inside a cryogenic probe station (Lakeshore TTPX)
which shielded the DUT from any additional electromagnetic (EM) radiation from the
outside environment. The DUT inside the cryogenic probe station was connected in a two-

7



terminal (2T) configuration and the probe station stage was used to control the temperature

of the DUT (between 77 K -475 K) as required.

The noise measurement circuit resembles a typical voltage divider circuit consisting of two
resistors (a load resistor and the DUT) (refer to Figure 1-2). An additional potentiometer
(POT) was connected to the DC battery source to control the voltage drop across the circuit.
The resistance of the POT was selected to be at least several orders lower than the DUT.
On the other hand, the load resistor was picked up having comparable resistance to the
DUT in general. However, for very high resistive DUT noise measurements, the R values
were kept under 50 KQ. In our noise circuit, either the DUT or the load resistor was
grounded depending upon the nature of the noise measurements. In the case of the circuit
biasing, the DC batteries were used instead of any DC power supply to reduce the 60 Hz
AC signal and its harmonics. The AC signal interference was further reduced by
disconnecting the other instruments (preamplifier, signal analyzer etc.) from the AC power
line at the time of noise studies. During the noise measurements, the POT controlled the
voltage drop across the load resistor (R.) and the DUT (Rp) and the output voltage
fluctuations of the circuit were transferred to the low-noise preamplifier (SR 560). The
amplified signal was then sent to the dynamic signal analyzer. The signal analyzer
connected to a computer converted the time domain voltage response to its corresponding
frequency domain response using Fourier transform. The amplified transient response (V
vs T) of the output and its corresponding frequency (f) response in the form of voltage

spectral density (Sv) were displayed simultaneously on a graphical user interface (GUI) on



the computer screen. The obtained voltage spectral density (Sy) was then converted to its
corresponding current spectral density (Si) by using the equation below:
S =Sy x [(RL + RD)/(RL x RD)]Z/ G2

where G is the amplification of the low-noise amplifier.

Figure 1-2: Schematic of a low-frequency noise measurement circuit for a vertical device.
The circuit contains DC batteries, a potentiometer (POT), a device under test (DUT) and,
a load resistor (Rr). Two multimeters connected to the system measure the voltage drops
across the circuit and at the output.

1.4 Summary

In the chapter, the different types of electronic noise have been described with particular
emphasis on the low-frequency noise (1/f and GR noise). Also, the setup and operational

principle of the home-built low-frequency noise measurement system have been discussed.
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In the following four chapters, we will explain the useful properties of low-frequency noise
as spectroscopy tools to study electronic materials and devices. Chapters 2 and 3 will deal
with the usage of low-frequency noise as a reliability tool to study advanced semiconductor
devices such as Diodes. In chapter 3, the reliability test has been done on an already existed
technology, GaN-based PIN diodes. In chapter 4, the low-frequency noise reliability test
results on the diamond diodes have been discussed, which is a new technology in its infancy
and currently being investigated heavily for potential high-power applications. Chapters 4
and 5 will go through the capability of low-frequency noise to study the intrinsic properties
of the advanced materials. In summary, our low-frequency noise technique in chapters 2
and 3 is focused on the device properties. On the other hand, Chapters 4 and 5 will deal
with the viability of using the low-frequency noise system to verify intrinsic material

properties (such as phase change properties of advanced materials).
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2. Low-Frequency Noise Characteristics of GaN Vertical PIN

Diodes

The following chapter is fully reproduced from [S. Ghosh, K. Fu, F. Kargar, S.
Rumyantsev, Y. Zhao, and A. A. Balandin, "Low-frequency noise characteristics of GaN
vertical PIN diodes—Effects of design, current, and temperature™, Appl. Phys. Lett., 119,
243505, 202. https://doi.org/10.1063/5.0075498], with the permission of AIP Publishing.

2.1 Introduction

Development of the next generation of GaN PIN diodes for high-power electronics requires
effective methods for assessing materials and device quality. Low-frequency noise
measurements have been widely used for the characterization of defects in various
semiconductor devices, and for testing their reliability [1-14]. The noise level and its
current or gate voltage dependence in the field-effect transistors can be used to compare
the quality of the device structures. Temperature dependence of the low-frequency noise is
often used to determine its origin and physical mechanism. Accurate knowledge of the
specific semiconductor devices’ noise characteristics is also required for circuit level
modeling. The information on the low-frequency noise characteristics of GaN PIN diodes
is limited [15]. No direct comparison between different technologies is available. There are
no detailed studies of how chemical treatment and etching, used in device fabrication,

affect the noise level of GaN PIN diodes.
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Selective-area doping is a key to the fabrication of high-performance advanced GaN power
devices [16]. Epitaxial regrowth is the preferable method for GaN PIN diodes fabrication
compared to diffusion and ion implantation for selective-area doping [16-19]. Selective p-
doping by regrowth technologies that included dry etching before the regrowth were
previously reported [16-18]. Optimization of the etch-then-regrow process is important for
further development of GaN high-power electronics. The regrowth often results in a high
concentration of impurities, including silicon, carbon, and oxygen; the dry etching process
can also introduce surface damage [16-18]. The impurity atoms and surface defects can act
as trapping and recombination centers, potentially leading to a substantial increase in low-
frequency noise. In this dissertation chapter, we report an investigation of noise
characteristics of GaN PIN diodes and demonstrate that the low-frequency noise at low

currents is a convenient and useful figure-of-merit for the quality of GaN PIN diodes.

2.2 Vertical PIN Diode Device Fabrications

The GaN vertical PIN diode devices were prepared by Prof. Yuji Zhao’s research group at
Rice University, USA. First, the GaN layer were grown on c-plane n-GaN free-standing
conducting substrates by metalorganic chemical vapor deposition (MOCVD). Several
different technologies have been considered: the etch-then-regrow structures with
relatively high interface quality obtained by the low RF power etching and UV-Ozone and

chemical treatment (Type I); etch-then-regrow structures with lower interface quality
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obtained without the UV-Ozone or chemical treatment (Type II); as-grown devices with
the guard rings (Type ). In Type | devices, the low-power RF dry etching along with
UV-Ozone and chemical treatments were used to form high-quality regrowth interfaces.
The Type |l devices have the same regrown structure as Type | but were fabricated using
a higher etching RF power (70 W) without the surface treatment. The Type Il1 devices were
based on as-grown structures without a regrowth interface. A guard ring structure was

made on Type 11 devices to improve the breakdown voltage [19]. Metal contacts were

20 nm p*-GaN
500 nm p-GaN 500 nm p-GaN

9 um GaN 9 um GaN
Np=10%cm3 Np = 10%cm3

1 pm n-GaN 1 pm n-GaN
n*-GaN Substrate n*-GaN Substrate

Cathode Cathode
(@) (b)

Figure 2-1: Schematics of the GaN PIN diode structures. (a) The layered structure of the
regrown devices of Type I, 11, and IV. Type | is the regrown devices with the low RF power
dry etching and UV chemical treatments; Type 1l is the regrown devices with the high RF
power dry etching without any chemical treatment; Type 1V is the regrown device without
chemical treatment with a relatively large leakage current, intentionally selected as a
reference structure. (b) The layered structure of the Type Il as-grown devices with guard
rings. (c) Optical microscopy images of a regrown Type Il device with a mesa (top) and
as-grown Type Il device (bottom). Reprinted with permission from S. Ghosh et al.,
Applied Physics Letters. 2021, 119, 243505, Copyright © 2021 AIP Publishing.
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deposited using electron-beam evaporation to form the anode and cathode contacts for all
the devices. Additional details of the fabrication process, including the geometry of the
etched regions, chemical treatment recipes, have been reported elsewhere [16-19]. In order
to better correlate the noise level with the leakage current, we selected an additional
regrown device, fabricated without etching or chemical treatment, which had relatively
large leakage current. We refer to this reference device as Type IV. The layered structures

for studied devices are shown in Figure 2-1.

2.3 Room Temperature Electrical and Noise Characterizations

The current-voltage (I-V) and low-frequency noise characteristics for all types of the PIN
diodes were measured at room temperature in vacuum (Agilent B1500; Lake Shore TTPX).
The noise spectra were acquired with a dynamic signal analyzer (Stanford Research 785).
The signal analyzer was used to measure the absolute voltage-referred noise spectral
density, Sv, on a load resistor, R, in series with the device under test, Rp. The load resistor
was grounded in our configuration. A potentiometer was used to control the voltage
supplied with a low noise battery. During the noise measurements, the voltage fluctuations
were transferred to a low-noise preamplifier; then the amplified time domain signal was
transformed to its corresponding frequency domain using a dynamic signal analyzer. The
spectral density, Sy, was recalculated to the current spectral density S, and then normalized

by the current squared, 12, and the cross-section area of the PIN diodes. Details of the noise
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measurements procedures, in the context of other material systems, have been reported by

our research group elsewhere [20-23].

We start by comparing |-V and noise characteristics of different PIN diodes belonging to
the same type. Figure 2-2 (a) shows I-Vs for three representative devices of Type I. At the
forward voltage, VF, in the range 3 V>Vg>2.5V the |-V characteristics are exponential with
the ideality factor ~2 for all devices. At Ve >3 V, the characteristics in the semi-logarithmic
scale tend to saturate indicating the dominant contribution of the series resistance. At low
bias Vr <2.5 V, the devices of the same type behave differently demonstrating the different
levels of the leakage current. The leakage current is the highest for device A, followed by
devices B, and C. Among these three tested diodes, device C demonstrated the best
performance. Figure 2-2 (b) shows the bias points for the noise measurements in the device
A. The device with the higher leakage currents was selected intentionally to illustrate the
correlation between 1-Vs and noise characteristics. In Figures 2-2 (c), we present the
current noise spectral density, S, for device A as a function of frequency, f, at different
currents. One can see that the noise is of the general 1/f type, particularly at higher currents,

i.e.,, at 1= 0.01 A and 0.005 A. At lower currents, 1< 50 pA, the noise spectra reveal the
generation - recombination (G-R) bulges. From analysis of the data, we concluded that

devices with larger leakage currents are typically those that have G-R features in their noise
spectra. The noise in the device C, with the lowest leakage current, was of the 1/f type.
These data suggest that G-R noise is caused by the defects acting as the recombination

centers, which are responsible for the higher leakage currents at low bias.
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Figure 2-2: Electrical and noise characteristics of three different devices of the same Type
I. (a) Current-voltage characteristics of the Type | devices, A, B, and C, with different
leakage currents. (b) Current-voltage characteristics of device A with colored dots
indicating the noise measurement data points. (c) Low-frequency noise spectra for different
currents indicated in panel (b). Note G-R bulges in the noise spectra at low currents. At
high currents, the noise is of the typical 1/f type. (d) The normalized current noise spectral
density, Si/12, as a function of the current density for three devices measured at f =10 Hz.
Reprinted with permission from S. Ghosh et al., Applied Physics Letters. 2021, 119,
243505, Copyright © 2021 AIP Publishing.
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It is interesting that the noise at the intermediate current of 1=5x10° A is the smallest, i.e.,
G-R noise depends on current non-monotonically, and it has a minimum at some current.

Similar behavior was reported previously for SiC p-n junction [24]. The model of the G-R
noise developed in Ref. [24] confirms this kind of non-monotonical dependence.
Therefore, we can conclude that the high leakage current in this device is not due to some
parasitic channel leakage but rather due to the recombination in the space charge region.
The current and area normalized noise spectral densities versus current density, at a fixed
frequency =10 Hz, are presented in Figure 2-2 (d) for all three devices. One can see that
in all devices, the normalized noise spectral density decreases with the current density. The
noise characteristics at low current density, i.e., J<1 A/lcm?, correlate perfectly the GaN
PIN diode performance, i.e., the devices with the lowest leakage current have the lowest
noise level. The low-frequency noise and the leakage current, are defined by the nature and
concentration of the defects introduced during the processing steps which act as
recombination centers. Therefore, the noise measured at low bias can be a sensitive metric
of the device quality. Additional noise plots for Device A, B and C are shown in Figure 2-

3 for reference and comparison at different current values.

Figure 2-4 (a) shows forward I-V characteristics of all four types of GaN PIN diodes. We
selected device C from the 3 previously measured Type | devices due to its performance
and lowest noise level. In Figure 2-4 (b) we present the I-V of a representative Type Il1 as-
grown device that had the best rectifying performance. Note that this -V characteristic is

close to a classical one. At low currents, the ideality factor n1=2.1, which is close to the

19



Device B

10° 10' 10° 10° 10 10° 10' 10° 10° 10*
Frequency (Hz) Frequency (Hz)

5<10° A Device B
1x107 A
5x107 A
——1x10° A

., Device A

s L

M arwrm\x"’ 2

10' 10? 10° 10°* 10' 10? 10° 10*

Frequency (Hz) Frequency (Hz)
& A D B
o 3 -
(e) evice ° (f) 14 evice "
(8] 12
1 o
— —~ 10 ®
N N
= =
e o @ ©
 oaf e
®
@ er
0.01 . . : :
107 10° 107 10°
Current (A) Current (A)

Figure 2-3: Additional noise spectrum data for Type | devices. (a) The current spectral
density, Sy, as a function of frequency at different current levels for device B. Generation-
recombination (G-R) Lorentzian bulges can be detected at lower currents similar to those
in device A. (b) The corresponding S, vs f characteristics for device C at different current
levels. The spectra are dominated by 1/f type noise at all measured currents. (c) The fxS)/I2
vs. fplots for device A at lower currents plotted to extract the G-R contributions from each
spectrum by separating the Lorentzian features from the 1/f background. (d) Similar fxS/1?
vs. f plot for device B. (e) The corner frequencies, fc, obtained from the maxima through
numerical fittings shown as a function of current for device A. The corner frequency
increases with increasing bias voltage. (f) The corresponding fc vs | plot for device B.
Reprinted with permission from S. Ghosh et al., Applied Physics Letters. 2021, 119,
243505, Copyright © 2021 AIP Publishing.
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ideal recombination current, as it should be at low bias. At the current density J>102 A,
the diffusion current starts to contribute, leading to the ideality factor decrease to n,=1.6.
Figure 2-4 (c) shows the current noise spectral density as a function of the current density
at a fixed frequency =10 Hz for all types of the devices. The data are plotted for each type
of GaN PIN diodes with the corresponding I-Vs shown in Figure 2-4 (a). There are several
important observations. The Sy vs. J (Si vs. 1) relation follows the trend S; ~ J (S) ~ 1),
observed in many different p-n and Schottky diodes. At low currents, one can notice the
deviation from this trend, particularly for the Type Il and Type IV devices. We attribute
this deviation to the appearance of the G-R bulges in these devices at low currents. This is
in line with the explanation of a higher concentration of some specific defects, acting as
recombination centers, which result in higher leakage current and noise level. One should
note that noise with 1/f spectrum can also be a superposition of G-R noise bulges from
several distinctive defects which are characterized by different time constants [25]. A prior
study of GaN/AIGaN PIN diodes of a different design on a sapphire substrate reported S
~ 12, similar to a linear resistor [26]. However, there have been reports for AlGaN PIN
photodetector diodes with S, ~ | [27]. It is interesting to note that noise in the studied diodes
is at least four to seven orders of magnitude lower than that reported for GaN/AlGaN PIN
diodes in Ref. [15] and comparable to those in the lateral GaN/AIGaN Schottky diodes

[28].
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Figure 2-4: Electrical and noise characteristics of GaN PIN diodes of different type. (a)
Current-voltage characteristics of representative devices of each type. (b) The forward bias
current density for Type 11l as-grown PIN diode clearly showing the ideality factor. Note
that the ideality factor takes values of 2.1 and 1.6 in the recombination and diffusion
regions, correspondingly. (c) The current noise spectral density, S, as a function of the
current density, J, at f = 10 Hz. (d) The normalized current noise spectral density, Si/1%, as
a function of the current density at f = 10 Hz. The normalized noise level is correlated with
the respective electrical properties at low currents. Reprinted with permission from S.
Ghosh et al., Applied Physics Letters. 2021, 119, 243505, Copyright © 2021 AIP

Publishing.
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For a more accurate and direct comparison of the noise level in each GaN PIN technology,
in Figure 2-4 (d), we plot the current noise spectral density normalized by the current
squared and device area, Si/1°xQ, vs. current density, J, at fixed f=10 Hz (€ is the area of
the top contact). One can see that at the small currents, J< 0.1 A/cm?, the lowest noise is in
the diodes of Type | and Type Ill while the highest level of noise is in the reference Type
IV PIN diode which is characterized by the high leakage current. This observation suggests
that the chemical treatment and etching in our devices did not result in the strongly
increased noise. We also note that the noise characteristics at low currents are the most

informative since they are defined by the carrier recombination with participating of slow
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Figure 2-5: Noise characteristics of a Type Il device at room temperature. (a) The current
spectral density, Sy, as a function of the frequency plotted at different current levels. (b)
The G-R bulges can be detected at lower current values, which contribute to the deviation
from Sy ~ J trend at lower currents. Reprinted with permission from S. Ghosh et al., Applied
Physics Letters. 2021, 119, 243505, Copyright © 2021 AIP Publishing.
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Figure 2-6: Noise characteristics of Type 111 and Type IV devices at room temperature. (a)
The current spectral density, Sy, as a function of frequency plotted at different current levels
for Type 111 device. The noise is of 1/f type without visible G-R contributions. (b) The S
vs f characteristics plotted for Type 1V device. The noise is of 1/f type. The non-monotonic
Si ~ J dependence can be explained by superposition of several G-R trap levels with
different characteristics time contacts, which results in the 1/f type noise. Reprinted with
permission from S. Ghosh et al., Applied Physics Letters. 2021, 119, 243505, Copyright ©
2021 AIP Publishing.

processes that contribute to the low-frequency noise. For all devices, the normalized noise
spectral density decreases with the increasing current density. At higher currents, the noise
Si/12 tends to be independent on the current, which is typical behavior for the noise from a
linear resistor. This noise is due to the series resistance of the devices. The noise spectra at
different device currents for Type I, Type Il and Type IV devices can be found in Figures

2-5 and 2-6.
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2.4 Temperature Dependent Electrical and Noise Characterizations

To shed light on the physical mechanism of noise in these devices, we measured noise as
a function of temperature. Measurements at elevated, rather than low temperatures, have
proven to be informative for devices based on wide-band-gap semiconductors [29-32]. The
elevated temperatures are also more relevant to the intended high-power applications of
GaN PIN diodes. In Figure 2-7, we present the temperature dependent electrical (Figure 2-
7 (a)) and noise characteristics (Figure 2-7 (b-d)) of a representative as-grown GaN PIN
diode, defined above as Type Ill. The |-V characteristics are exponential at all studied
temperatures with the ideality factor only weakly dependent on temperature. It means that
even at elevated temperatures and at low bias the current is still of recombination origin
without significant contribution of the parasitic leakage. It is interesting to note that the
noise spectral density dependences on the current density reveal peaks for the temperatures
in the range from T=375 K to T=450 K. Three regions with the changing as a function of
temperature, Si~1¢, dependence can be distinguished in Figure 2-7 (c). In region I, £ changes
approximately from ~1 to ~2; in region Il, it varies between ~1 and some negative values;
and in the high-current region Ill, ¢ stabilizes to around ~2, as one observes in linear
resistors (Refer to Figure 2-8). The noise dependence on temperature (Figure 2-7 (d))
reveals peaks for the current levels that correspond to the transition from region I to Il (in
Figure 2-7 (c)). The current dependences of noise at elevated temperatures resemble those
observed for the devices with the elevated leakage current and G-R noise spectra (Figure

2-2). Temperature and current dependences of noise, which demonstrate maxima, are
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Figure 2-7: Temperature dependent electrical and noise characteristics of GaN PIN diode
of Type Ill. (a) Current-voltage characteristics of a representative GaN PIN diode at
elevated temperatures. (b) The current noise spectral density, S;, as a function of frequency
measured at different currents. (c) The current noise spectral density, Si, as a function of
the forward current density at f = 10 Hz shown for different temperatures. The colors of
the curves correspond to the temperatures indicated in the (a) panel. (d) The current noise
spectral density, S, as a function of the temperature T, shown for different current densities
at f = 10 Hz. Reprinted with permission from S. Ghosh et al., Applied Physics Letters.
2021, 119, 243505, Copyright © 2021 AIP Publishing.
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characteristic features of G-R origin of noise [24]. The latter suggest that the 1/f noise in

the devices of Type Il is still of the G-R origin. The increase of the recombination current

at elevated temperatures helps to reveal this noise mechanism. Since the noise spectra

shapes are still 1/f-like we have to conclude that at least several levels with different

characteristic times contribute to noise within the studied frequency band.
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2.5 Conclusions

In conclusion, we reported on a study of low-frequency noise in vertical GaN PIN diodes
of different designs and process technologies. The noise characteristics were measured at
different current densities and elevated temperatures relevant to the high-power switch
applications. The noise in all considered device types has a characteristic 1/f spectrum at
high currents. Some devices with the largest leakage current revealed G-R bulges at low
currents. The noise spectral density, Si, predominantly scales with the current, I, as Sy ~ I.
Out data indicate that the noise measurements at low currents can be used to efficiently

assess the quality of GaN PIN diodes.
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3 Low-Frequency Noise in High-Current Diamond Diodes

The following chapter is fully reproduced from [S. Ghosh, H. Surdi, F. Kargar, F.
Koeck, S. Rumyantsev, S. Goodnick, R. J. Nemanich, and A. A. Balandin, “Excess
noise in high-current diamond diodes”, Appl. Phys. Lett.,, 120, 062103, 2022.
https://doi.org/10.1063/5.0083383], with the permission of AIP Publishing.

3.1 Introduction

Ultra-wide bandgap (UWBG) semiconductors have emerged as important materials for
power converters to meet the increasing efficiency needs [1-6]. Diamond is a promising
UWBG material in terms of its critical electric field, drift velocity, carrier mobility, and
thermal conductivity [7-13]. However, diamond chemical vapor deposition growth,
processing, and doping are still in the early stages of development. Diamond technology is
not as mature as that of GaN or SiC. Rather large concentrations of defects, including trap
levels within the bandgap, can detrimentally affect diamond diode operation, e.g. by an
increase in the diode turn-on voltage [8, 14-18]. Typical traps in diamonds have energy
levels ranging from 0.2 eV to 1.7 eV. In the n-layer of the diode, the phosphorus dopant
activation energy level is 0.43 eV to 0.63 eV [19,20] while in the p-layer the boron dopant
activation energy level is ~0.3 eV [19]. Due to the high activation energies, only a small
fraction of the dopant atoms is ionized. The defects and impurities, acting as charge carrier
traps, negatively affect the reliability of the diodes, which is one of the most important

metrics for applications in power converters for electricity grids. These considerations
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explain the need for developing innovative techniques for assessing the material quality

and reliability of diamond diodes.

Low-frequency electronic noise, also referred to as excess noise, has been used in
characterizing reliability-limiting defects and impurities in electronic materials and devices
[21-25]. The excess noise includes the 1/f and generation-recombination (G-R) noise with
a Lorentzian type spectrum, which adds to the thermal and shot noise background (f is the
frequency). It is known that 1/f noise can be an early indicator of electromigration damage
and provide insight into the nature and energy distributions of reliability-limiting defects
in the as-processed and aged materials and devices [21,26-29]. The excess noise often
originates in the non-ideal components or the non-ideal currents of a device. These include
leakage current, defects in the material, or parasitic resistances. The noise level increases
at a much faster rate than the DC parameters as a device degrades under stress or as a result
of its aging [30]. For this reason, noise can be used as a sensitive predictor of a lifetime.
The rate of increase of the noise level can be related to the device mean-time-to-failure
(MTTF). Since only short-time noise measurements are needed, the procedure for
determining MTTF is non-destructive. To develop noise-based reliability assessment
techniques for diamond diodes, one needs to conduct thorough studies of excess noise for
this specific device type. The currently available data on noise in diamond devices are
limited, with only a few published reports [31,32]. In this chapter, we report the results of

the investigation of excess noise in diamond diodes designed specifically for applications
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as high-current switches. The main objective of the study is to provide the noise-level

baseline required for the development of reliability assessment.

3.2 Fabrication of Diamond Diode Structures

The fabrication of the diamond diodes was done by Prof. Robert J. Nemanich’s research
group at Arizona State University, USA. The diamond diodes were grown on a <111>
highly boron-doped (~2x10%° /cm?) single crystal diamond plate (3x3x%0.3 mm; TISNCM)
[33]. A ~0.2 um i-layer was grown on top of the B doped p** substrate using a plasma-
enhanced chemical vapor deposition (PECVD) with a mixture of H2:CH4:02 under a
chamber pressure of 63 Torr and at 1000 W of microwave power. A ~0.15 um moderately
phosphorus-doped (~10'® /cm®) n-layer was grown on top of the i-layer using an
H2:CHa4: TMP mixture under 60 Torr pressure and 2000 W microwave power in the PECVD
chamber. A ~0.1 um near-metallic highly conductive nitrogen-doped nano-carbon (nanoC)
layer was grown on top of the n-layer to lower the contact resistance of the cathode contact.
Additional growth details can be found in Ref. [34]. The active area of the diodes was
defined by partial mesa etching the diamond into the i-layer using a SiO> hard mask and
0O./SFs chemistry in a reactive ion etcher. The top cathode and bottom anode contacts were
defined by UV photolithography and e-beam deposition of a Ti-Ni-Au metal stack with 50
nm - 50 nm - 300 nm thicknesses. The layered structure of the devices and band diagram

are shown in Figure 3-1 (a-b).
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Figure 3-1: (a) Schematic of the layered structure of diamond diodes. (b) The band diagram
at zero bias of a diamond diode including the trap levels as simulated by Silvaco ATLAS.

Reprinted with permission from S. Ghosh et al., Applied Physics Letters. 2022, 120,
062103, Copyright © 2022 AIP Publishing.

Although the nanoC layer provides a reduced contact resistance at the circular cathode
contact, a Schottky barrier to electrons exists due to the Fermi-level pinning at the nanoC-
n-layer interface. The Schottky barrier at the cathode contact can be seen from the band
diagram generated from Silvaco ATLAS simulations using the diode structure (see Figure
3-1 (a-b)). The diode current is therefore largely dominated by the holes injected over the
p™*-i-n junction barrier. The hole injection initially follows thermionic emission (TE)
regime where the current is exponentially dependent on the small forward bias voltage, and
then transitions into a space charge limited conduction (SCLC) where the current is
proportional to V™ where m is >2 depending on the trap energy levels and trap density in

the diode [8,35].
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3.3 Electrical and Noise Measurement Results

The current-voltage (1-V) and low-frequency noise characteristics for all diodes were
measured in a vacuum (Agilent; Lake Shore). The noise spectra were acquired with a
dynamic signal analyzer (Stanford Research). Details of our noise measurements
procedures, in the context of other material systems, have been reported by some of us
elsewhere [36-38]. Figures 3-2 (a) and (b) show the I-V characteristics in forward bias for
six different diamond diodes in linear and logarithmic scales, respectively. From the I-V
characteristics, the tested diodes can be separated into two groups based on the respective
turn-on voltage, Vr, of each diode. Devices 1, 2, and 3 have lower turn-on voltages, close
to 5V as compared to devices 4, 5, and 6 that have turn-on voltages of ~10 V or higher.
The deviations from the ideal characteristics of these diodes and current jumps indicate the
material imperfections owing to the infancy of the diamond diode growth and processing

technology.

The noise measurements were conducted for all devices to examine variations in the noise
characteristics for diodes with different turn-on voltages. In Figure 3-2 (c) we present the
noise current spectral density, S, as a function of frequency for device 2 (V+~5 V) for
different currents through the diode. The noise spectra at all currents are the superposition
of the 1/f and G-R noise with the pronounced Lorentzian spectral features. Similar noise

spectra were measured for devices 1 and 3 with the low turn-on voltage (refer to Figures
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3-3 (a-b)). The noise spectral density, S. as a function of frequency for device 6 with the

highest turn-on voltage is presented in Figure 3-2 (d).
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Figure 3-2: Current-voltage characteristics of six different diamond diodes plotted in linear
(a) and logarithmic (b) scales. The diodes can be grouped as those with lower (V1~5 V)
and higher (V1~10 V) turn-on voltages. (c) Noise current spectral density, S;, as a function
of frequency for different current densities, J, for device 2, with the low turn-on voltage.
(d) Noise current spectral density, Si, as a function of frequency for different current
densities, J, for a device 6, with the high turn-on voltage. Reprinted with permission from
S. Ghosh et al., Applied Physics Letters. 2022, 120, 062103, Copyright © 2022 AIP

Publishing.
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Figure 3-3: Noise current spectral density, Si, as a function of frequency for different
currents, I, for the lower turn on voltage devices: (a) device 1 and (b) device 3. The noise
characteristics for both devices are dominated by the Lorentzian G-R noise at any device
current similar to those of device 2. The S, vs f spectra for high turn on voltage devices: (c)
device 4 and (d) device 5. The spectra are of 1/f type at lower frequencies as observed for
device 3. Reprinted with permission from S. Ghosh et al., Applied Physics Letters. 2022,
120, 062103, Copyright © 2022 AIP Publishing.
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Interestingly, in this and other high turn-on voltage diodes, the noise is predominantly of
the 1/f-type. Some signatures of the deviation from 1/f spectrum and contribution of the G-
R noise appear only at higher frequency (f~10 kHz). These noise characteristics were
similar for all diodes with high turn-on voltages as seen in Figures 3-3 (c-d). The diamond
diodes with the larger turn-on voltages are typically those that have a higher concentration
of defects [8]. One may consider it unusual that the devices with more defects have 1/f
spectrum while those with fewer defects show G-R spectral features. Below we explain it
by the specifics of the noise mechanisms in diodes as compared to linear resistors or field-

effect transistors (FETS).

Figure 3-4 (a) shows the noise current spectral density, S, as a function of the current
density, J, at a fixed frequency f=10 Hz for all six tested devices. The S; vs. J (Si vs. 1)
relation for the measured diamond diodes follows the Si~J? (Si~I?) trend at low currents.
Although the dependence Si~I can be considered as a typical one for forward-biased diodes,
Si~12dependences were also reported in p-n junction and Schottky diodes, including those
based on wide bandgap semiconductors [39]. The Si(J) dependence becomes almost flat in
the intermediate current density range, i.e. from about J~0.1 A/cm? to 100 A/cm?. The S;~J?
noise behavior is restored at higher currents. It is interesting to note that the transition to
the flat Si(J) dependence at the intermediate current levels roughly corresponds to the
transition from the TE to SCLC hole transport regimes. In previous studies, the non-
monotonic trends in the noise spectral density of GaN diodes were interpreted as the

interplay of contributions to noise from the diode base, p-n junction region, and the series
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resistances associated with the contacts [40]. A quantitative description for a non-

monotonic trend was developed for SiC diodes [41].

To compare the noise characteristics of diamond diodes with those made of other material
systems, we present the noise spectral density normalized by the current and device area in
Figure 3-4 (b). For all measured diamond diodes, the normalized noise spectral density,
Si/12xQ, measured at fixed f=10 Hz, decreases with the increasing current density, J (Q is
the area of the top cathode contact). The decrease becomes slow or saturates completely at
high current densities when the contributions from series resistances start to dominate the
noise response. A comparison of the noise spectral density normalized to the area indicates
a substantially higher noise level in diamond than that in GaN diodes [25]. Additional
comparison of the noise characteristics in different device technologies is provided in table
3-1. The 1-V and noise characteristics of the diamond diodes at elevated temperatures are
shown in Figures 3-4 (c) and (d). One can see that both current and noise are weak functions
of temperature, which are beneficial for high-power switching applications. Despite the
high thermal conductivity of diamond, the high-current diodes can still experience
substantial Joule heating at the considered power levels [8,42,43]. The thermal interface
resistances between the layers increase the overall thermal resistance of the device structure
[44]. The dashed lines in Figure 3-4 (c) show the slope of the exponential part of I-V
characteristics, e.g., I~exp(V7rKT), at low currents. The ideality factor, 7, decreases with
the temperature increase. The decrease in the ideality factor together with almost constant

noise level with temperature indicates that the performance of the diamond diodes can be
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improved with increasing temperature. The latter is an extra benefit for applications of

diamond diodes as high-power switches.
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Figure 3-4: (a) Noise current spectral density, Sy, as a function of the current density, J, at
f=10 Hz for all devices, measured at room temperature. (b) The normalized noise current
spectral density, Si/1°xQ, as a function of J at =10 Hz. (c) Current-voltage characteristics
of a diamond diode (device 2) at elevated temperatures. (d) The noise spectral density, S,
at =10 Hz, as a function of temperature, measured for different current densities. Reprinted
with permission from S. Ghosh et al., Applied Physics Letters. 2022, 120, 062103,
Copyright © 2022 AIP Publishing.
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Table 3-1: Noise Comparison of Different Diode Technologies

Diamond diode 1017-1018 This work
GaN PIN 1020 - 102 [25]
GaN/AIGaN Schottky 1018-10% [40]
SiC p-n diode 10 [41]

We now turn to a more detailed analysis of the G-R bulges observed in the spectra of the
low turn-on voltage devices. Figures 3-5 (a) and (b) show the noise spectra of device 1 for
J=1.3 Alcm? and J=1.3x10° A/cm?, respectively. One can see an overlap of two
Lorentzians at the intermediate current levels (panel (a)), and just one pronounced
Lorentzian superimposed over 1/f shape at the small current level (panel (b)). The
Lorentzians are shifting with the changing current level, and can go beyond the measurable
range. We used fitting with Lorentzian to determine the corner frequency of the G-R noise.
The G-R noise spectral density is described by the Lorentzian using an expression
Si(f)=So/[1 + (2xfr)?], where So is the frequency-independent portion of S\(f) observed at
f<<(2nr) ! and 7 is the time constant associated with a particular fluctuation process.
Figures 3-5 (c) and (d) show the characteristic frequency fc=(1/2x7) as a function of J for
diamond diodes 1 and 2, respectively. The general trend for fc is to increase with J. The
functional dependence can be approximated as fc~J#, where Btakes the values 0.31 and
1.15 for device 1, 1.39 for device 2, and 1.35 for device 3. The dependence of f. on current

in the diodes can be explained by the dependence of the trap capture time zp=(nNvo)™ on
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Figure 3-5: (a) Current noise spectral density, S;, as a function of frequency at an
intermediate current density, J=1.3 A/lcm?, for a device 1 with the low turn-on voltage. (b)
The current noise spectral density, S, as a function of frequency at a low current density,
J=1.3 x10 A/lcm?, for the same device. Dependence of the corner frequency of the G-R
bulges on the current density shown for (c) device 1 and (d) device 2. Reprinted with
permission from S. Ghosh et al., Applied Physics Letters. 2022, 120, 062103, Copyright ©
2022 AIP Publishing.

the carrier concentration, n (where v is the charge carrier thermal velocity and o is the
capture cross-section) [45]. The current increase leads to the increase of the concentration,
n, and corresponding increase of the corner frequency, fc=(1/2z7). This is true if the time
constant 7 is dominated by capture rather than emission time. Since our diamond diodes
are characterized by the deeper, not fully ionized donor and acceptor states, high trap
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concentration, and the hole-dominated charge transport, the obtained f¢(J) relations for the
diamond diodes are substantially different from those reported for GaN diodes [45]. It is
interesting to note that characteristic frequencies for some Lorentzian, e.g. red line in
Figure 5 (c), coincide with the current jumps in 1-V characteristics — see the current jump
at 3.3 V in Figure 3-2 (a). This adds support to the model, which correlates current jumps

in the 1-Vs with the traps in the energy bandgap [8].

The G-R noise mechanisms in diodes are different from the G-R and 1/f noise mechanisms
in bulk semiconductors and FETSs [26,46]. In the McWhorter model for FETS, the 1/f noise
emerges as an overlap of Lorentzian bulges due to traps with different time constants. The
time constant, z, of the trap is determined by its distance from the conduction channel, e.g.,
t=10eXp(1z), Where z is the distance of the trap from the channel, 1o~10"%s and / is the
tunneling parameter. In bulk semiconductors, one needs several levels or a continuous band
of trap levels with different capture cross-sections, like the density of state tails near
conduction and valence band edges, to construct the 1/f noise spectrum [47]. The situation
in diodes is different. One of the conventional models for the low-frequency noise in a
diode assumes that the emission and capture of carriers by the recombination level leads to
the fluctuations of the charge state of this trap, and, as a result, to the fluctuations of the
electric field distribution in the space charge region with the corresponding current
fluctuations [48]. This model has been refined to correlate the current fluctuations with the
fluctuations of the electric field not in the entire space-charge region but rather in a small

vicinity of a trap in a specific location in the p-n junction region [41]. The local fluctuations
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of the electric field are caused by the fluctuations of the charge state of the trap due to the
exchange of electrons between this trap and the conduction band. Within this model, the
same type of trap can give different time constants depending on its position in the diode
structure since its energy level with respect to the Fermi energy is a strong function of the
coordinate along the diode structure (see Figure 3-1 (b)). This can explain the evolution of
G-R noise spectra to 1/f noise and observed differences in the noise for the same type of
devices that have low and high turn-on voltages (see Figures 3-2 (c-d) and Figures 3). The
diodes with the high turn-on voltage, which typically have more traps, have sufficient
variation in the time constant, integrated over the junction length, to smooth out the G-R

bulges to the 1/f envelope.

The noise in diamond diodes shows variations not only for the devices with different turn-
on voltage but also for low-current, intermediate-current, and high-current regimes (e.g.
see Figures 3-4 (a-b)). In our case, the current regimes roughly correspond to TE, SCLC,
and series resistance limited currents. In conventional diodes, the TE and SCLC regimes
can be replaced with recombination and diffusive transport, respectively. The noise data
for each regime has important implications for device reliability assessment [49]. The low-
frequency noise measured at low bias is sensitive to the degradation of the active region
[23,50]. At high bias, the measured noise reflects the degradation of the metal contacts and
semiconductor layers contributing to the series resistance. Our data demonstrate that the
difference in the noise level for different diodes is large at all currents (see Figure 3-4 (b)).

The variations in the noise level are at their maximum, and span about three orders of
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magnitude, at the low currents. Interestingly, the smallest noise level was observed for the
devices with the low turn-on voltage and the highest noise was recorded for the devices
with the high turn-on voltage. These observations attest to the potential of the noise

spectroscopy for the diamond diode reliability assessment.

3.4 Conclusions

In conclusion, we reported the results of the investigation of excess noise in high-current
diamond diodes. In high turn-on voltage diodes, the 1/f noise dominated, which can be
attributed to the higher concentration of traps responsible for noise in these diodes. The G-
R noise was found to be characteristic of diamond diodes with lower turn-on voltages. The
dependences of noise spectral density, Si, on forward current show different slopes, which
can be correlated with different transport regimes in the diodes. The characteristic time
constants, extracted from the G-R noise data, reveal uniquely strong dependence on
current, attributed to the specifics of the charge transport and recombination processes in
our diamond diodes. The obtained results are important for developing the noise
spectroscopy-based approaches for the device reliability assessment for high-power

diamond electronics.
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4 Low-Frequency Electronic Noise Measurements of Quasi-

2D van der Waals Antiferromagnetic Semiconductor

The following chapter is fully reproduced from [S. Ghosh, F. Kargar, A. Mohammadzadeh,
S. Rumyantsev, and A. A. Balandin, “Low-frequency electronic noise spectroscopy of
quasi-2D van der Waals antiferromagnetic semiconductors,” Adv. Electron. Mater.,
2100408, 2021. https://doi.org/10.1002/aelm.202100408], with the permission of Wiley-
VCH GmbH.

4.1 Introduction

Transition-metal phospho-trichalcogenides, MPXs 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
attention [1-6]. These layered quasi-two-dimensional (2D) van der Waals (vdW)
compounds have interesting electronic, optical, and magnetic properties that can offer new
device functionalities [7-19]. It has been demonstrated that some MPX3 thin films are one
of the rare few-layer vdW materials, which can have stable intrinsic antiferromagnetism
(AF) even at mono- and few-layer thicknesses [20-22]. The existence of weak vdW bonds
between the MPX3 layers makes them potential candidates for the 2D spintronic devices.
The metal element of the MPX3 materials modifies the band gap from a medium band gap
of ~1.3 eV to a wide band gap of ~3.5 eV [1-3]. The diverse properties of these materials

tunable by proper selection and combination of the M and X elements make the MPX3
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materials an interesting platform for fundamental science and practical applications [1-4,

23-30].

Among MPX3 materials, FePSs is particularly promising. Its Ising-type ordering allows it
to maintain the bulk-like magnetic behavior down to a single monolayer, which explains
its moniker - “magnetic graphene” [31]. The cleavage energy of FePSez 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 [32]. The Néel temperature, Tn, for FePSz s reported to be around 118
K[1,2,20]. It shows strong magnetic anisotropy [15,33,34]. 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 [1]. The semiconducting
nature of FePSs, with the energy band gap 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 [9,17,35]. The quantized spin waves, i.e., magnons in
FePSs, have frequencies in the terahertz (THz) frequency range [36,37], which makes this
material interesting for THz magnonic devices. However, the electron and spin transport
properties of FePSs have not been studied in sufficient details yet to assess the potential of

such materials for THz applications.

In this dissertation chapter, we report the results of investigation of low-frequency current
fluctuations, i.e. electronic noise, in thin films of antiferromagnetic semiconductor, FePSs.

The current-voltage (I-V) and noise characteristics were measured as a function of
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temperature to understand their evolution below the room temperature (RT) and,
particularly 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 [38,39]. The noise spectral density and its dependence on external stimuli, e.g.
electrical bias and temperature, can shed light on electron transport, carrier recombination
mechanisms and, what is most important in this case, magnetic and metal-insulator phase
transitions [40-46]. We have previously used successfully the low-frequency noise
measurements as the “noise spectroscopy” for monitoring phase transitions in the 2D
charge-density-wave materials [47-49]; examining the specifics of magnon transport in
magnetic electrical insulators [50]; and clarifying the nature of electron transport in quasi-
one-dimensional (1D) vdW materials [51,52]. Our measurements of noise in thin films of
FePSs reveal a number of interesting features, which contribute to a better understanding

of the properties of this AF vdW semiconductor.

4.2 Material Characterization and Test Device Preparation

For this study, we used high-quality single crystals of FePS3, purchased from commercial
vendor (HQ Graphene), which were synthesized by the chemical vapor deposition (CVD)
process. The crystals had background p-type doping. Figure 4-1 (a) shows the schematic

of the monoclinic atomic crystal structure of FePSz with C2/m symmetry. The Fe, P, and S
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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 [1,20]. The X-ray
diffraction (XRD) and Raman spectroscopy were used to verify the material composition
and crystal structure (see Figures 4-1 (b) and (c)). The Raman spectra were taken in the
backscattering configuration under 488 nm laser excitation. It is known that FePSs crystal
contains 30 irreducible zone center phonons at I' point of the first Brillouin zone: I' = 8Ay4
+6A, + 7Bg + 9By, among which only the Ag and By modes are Raman active [53,54]. The
Raman active modes can be classified into the high-frequency phonon modes, which
belong to the internal vibrations of the (P2Se)* anions, and the low-frequency phonon
modes, typically below 200 cm™, which correspond to the interaction of the transition
metals (Fe) with both the P and S atoms In our measured Raman spectrum, we were able
to observe seven Raman frequency peaks: 98 cm™ (Ag, Bg), 158 cm™ (Ag, By), 226 cm™
(Ag, Bg), 247 cm™® (Ag), 279 cm (Ag, Bg), 380 cm™ (Ag) and 579 cm™ (Ag). 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 [6,20,53-57].

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
nm — 400 nm) of the exfoliated layers were chosen in order to compensate for the high
resistivity of the material and increase the current level in the device channels required for
reliable noise measurements. We employed the electron beam lithography (EBL) to

fabricate the devices for the noise measurements. The Si/SiO. substrates containing
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Figure 4-1: Material characteristics and test structure. (a) Crystal structure of bulk FePSs
material. (b) The XRD data for the FePS3 crystal. The inset shows an optical image of a
representative crystal. (c) Raman spectrum of the exfoliated FePS3 film on Si/SiO2
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. Reprinted with permission from S. Ghosh et al., Advanced
Electronic Materials. 2021, 7, 2100408, Copyright © 2021, Wiley-VCH GmbH.

mechanically exfoliated FePSz 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
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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 contacts were prepared with 2-
pm distance between the nearest contacts. The optical microscopy image of the tested
device is shown in Figure 4-1 (d). The thickness of the channel of this device structure was

determined with the atomic force microscopy (Dimension 3100).

4.3 Experimental Results and Discussions

Two terminal 1-V characteristics of the fabricated device were measured in vacuum inside
a cryogenic probe station (Lake Shore TTPX) in the temperature range from room
temperature down to ~ 110 K. Figure 4-2 (a) shows the 1-V measurement plots at lower
bias voltages (< 5 V) between 300 K and 150 K where the IV curves are nearly linear.
Figure 4-2 (b) shows measured I-V curves at different temperatures at the extended voltage
regimes, in the range from room temperature down to 110 K. The I-V plots in semi-
logarithmic scale are presented in Figure 4-2 (c). The I-V characteristics are nearly linear
at small bias voltage as discussed above but became non-linear for voltages above 10 V.
Similar non-linear 1-Vs have been reported for other MPX3 materials [25-27,58,59]. The
study, which reported linear I-Vs for FePSz devices, was limited to the lower voltage
regimes [60]. The exact nature of the non-linearity at high bias voltage is still an open
question. While some studies attributed it to the formation of the Schottky barriers at the

junction between the channel and the metal contacts [25-27,58], the 1-V characteristics of
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our devices plotted in semi-logarithmic scale (see Figure 4-2 (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 electric bias. The local Joule heating does not
seem to be a likely mechanism due to the small level of the electric currents even though
MPX3 materials have low thermal conductivity, which can be further reduced in thin films
owing to the phonon — boundary scattering [6]. One can also see from Figures 4-2 (b - d)
that the resistivity of the FePSs 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 carriers at higher temperatures, which increases the concentration
of free carriers contributing to the current [61]. The increase in the resistivity appears to
be particularly strong as the temperature reduces below T=200 K. Similar temperature

dependence of resistivity in such material has been reported previously [11,62].

The low-frequency noise measurements of the fabricated FePS3 devices were carried out

using an in-house experimental setup. The schematic of the setup is shown in Figure 4-3

(a). The equipment consists of six 12 V batteries, with the low internal noise, connected in
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Figure 4-2: Current-voltage characteristics of FePSs antiferromagnetic semiconductor.
(@) Current-voltage characteristics of the FePSs test structure measured at low voltage
bias (<5V) in the temperature range from 150 K 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 FePS3
channel. (b) Current-voltage characteristics of the same test structure over extended bias
range, measured in the temperature range from 110 K 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 FePSs channel as a function of
temperature at fixed bias voltage. Reprinted with permission from S. Ghosh et al.,
Advanced Electronic Materials. 2021, 7, 2100408, Copyright © 2021, Wiley-VCH
GmbH.
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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 intentionally 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 low-frequency noise
measurement protocol are described in chapter 1 and in prior reports in the context of other
materials systems [47-49,51,52,63-69]. Measuring low-frequency noise in conductors 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 1-V characteristics for biasing the device during the noise measurements.

The low-frequency noise measured at RT for different bias voltages, Vp, varying from 0.14
V to 3.73 V is shown in Figure 4-3 (b). The voltage-referred noise-power spectral density,
Sv, reveals the typical flicker noise trend, Sy ~ 1/f, where f is the frequency and parameter
vy = 1. The 1/f noise is typical for many semiconductor and metallic materials [70]. We
verified that the 1/f noise level at the lowest applied bias is more than an order of magnitude
higher than the background noise of the measurement system, confirming that the spectra
in Figure 4-3 (b) are indeed resulting from the current fluctuations in the device under test.
Figure 4-3 (c) presents the current noise-power spectral density, S, as a function of current,
I, at different temperatures. The data are shown at fixed frequency f = 10 Hz. In general,
the dependence of S, on the device current Ip is expected to be quadratic, i.e. Sy ~ Ip?, so

that the slope in the S; vs Ip plot is close to 2. It is observed in various materials where the
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noise is 1/f type, without the superimposed G-R bulges [49,52,63]. In our measurements
the Si(Ip) dependence at different temperatures does not show a perfect quadratic scaling,
Instead, we obtained Si(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 Sy ~ 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 [25-27,58,59]. Since the non-linearity of the I-V
characteristics is not related to the contacts, as discussed above, the deviation from the
quadratic Sy ~ Ip? 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, Si/1?, as a function of frequency at different
temperatures are presented in Figure 4-3 (d). These spectra were measured at a fixed
current through the channel, 1=1p=50 nA. The noise measurements were intentionally
carried out at the smallest current level to avoid even small Joule heating of the channel
near the expected phase transition temperature points. At low temperatures, the
measurements were conducted at 2-K interval in order to examine the effect of transition
from PM to AF phase at the Néel temperature of 118 K. The spectra show the 1/f noise as
temperature decreases from 300 K to 130 K. As it approaches Tn=118 K, the spectrum

develops pronounced Lorentzian bulges. The spectral position of the Lorentzian bulges
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Figure 4-3: Low-frequency noise spectra of FePSs 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. (¢) The current noise spectral density, Sy, as a function of the
channel current at different temperatures and fixed frequency f=10 Hz. (d) The normalized
current noise spectral density, Si/12, as a function of frequency at different temperatures.
The noise was measured at the constant channel current Ip = 50 nA. Note the appearance
of Lorentzian bulges at low temperatures. Reprinted with permission from S. Ghosh et al.,
Advanced Electronic Materials. 2021, 7, 2100408, Copyright © 2021, Wiley-VCH
GmbH.

reveals a pronounced dependence on temperature. Appearance of the Lorentzian bulges

near the characteristic Néel temperature of PM — AF phase transition and their strong

temperature dependence constitute additional proof that the noise is associated with FePS3
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material, and not with the contacts. This also excludes the possibility of a typical cutoff of

the noise spectrum 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? + f?) where f, is the corner frequency of the spectrum
defined as f, = (2n7)71, S, is the frequency independent portion of the function S,(f)
when f < f, and t represents the characteristic time constant [48,51]. In most cases, the
emergence of the Lorentzian bulges in semiconductor devices is associated with the
generation — recombination (G-R) noise, which is conventionally interpreted as evidence
that the material does have high concentration of certain defects, which would dominate
the noise properties [70]. 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 temperature or applied electrical bias [48,49,51]. We have previously
observed Lorentzian spectra associated with the charge-density-wave (CDW) phase
transitions [48,49], magnon transport in electrically insulating materials [50], and electron
transport in bundles of quasi-1D vdW materials [51]. The noise mechanisms leading to the
appearance of Lorentzian bulges, which are associated 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, Si/12, multiplied by the frequency, i.e.

fxS/1? vs. f. This procedure helps to separate the Lorentzian features from the 1/f
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background. Figure 4-4 (a) how the maxima, which correspond to the corner frequencies,
fc, are shifting with the temperature. The data are presented for Ip = 50 nA. Figure 4-4 (b)
presents fxS/1? vs. f for the fixed temperature T=110 K and varied channel current, Ip. For
each spectrum, we determine the corner frequency by numerical fitting. The corner
frequency, f., at different currents, is shown as a function of 1000/T in Figure 4-4 (c). It
increases strongly near the Néel temperature and follows the same trend across all currents.
The corner frequency values at 118 K and 120 K for higher currents are out of the measured
frequency range. From the Arrhenius plot of In(fc) vs. 1000/T in Figure 4-4 (c), we have
also extracted the “noise activation” energy, Ea, t0o be 0.9 eV for this material. In
semiconductors, this activation energy is usually associated with the exponential
dependence of the characteristic emission time from the trap level to conduction or valence
bands t, « exp (—E4/KT) [71]. However, this activation energy is unrealistically large
for a semiconductor with the 1.5-eV energy bandgap. The latter confirms our conclusion
that the Lorentzian noise bulges are not of G-R charge carrier 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 4-4 (d)). Such a
strong dependence of fc on Vp is unusual for conventional trapping G-R noise. However, it
is common in CDW materials where Lorentzian bulges appear at the nearly commensurate

to incommensurate CDW phase transition [47-49].
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Figure 4-4: Lorentzian spectral features in the noise spectra. (a) The normalized noise
spectral density multiplied by the frequency, Si/12xf, as a function of frequency measured
near the Néel temperature at the constant channel current 1p=50 nA. (b) The normalized
noise spectral density multiplied by the frequency, Si/I°xf, as a function of frequency
measured for different channel currents at a fixed temperature T=110 K. (c) The corner
frequency, fc, 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 Tn=118 K. The dashed lines are guides for the eye. (d) The
corner frequency, fc, 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. Reprinted with permission from S. Ghosh et
al., Advanced Electronic Materials. 2021, 7, 2100408, Copyright © 2021, Wiley-VCH

GmbH.
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Figures 4-5 (a) and (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 4-5 (a), 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 [50,72,73]. 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 further 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 4-5 (b)), which is in
line with our explanation. Our conclusions are further supported by the analogies in the
noise features which we have observed near phase transitions in the CDW materials
[48,49]. One can envision the use of the low-frequency noise measurements for the noise
spectroscopy of 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 [74].
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Figure 4-5: 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 K 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. Reprinted with permission from S. Ghosh et al.,
Advanced Electronic Materials. 2021, 7, 2100408, Copyright © 2021, Wiley-VCH
GmbH.

We now look closely at the evolution of the normalized noise spectral density, Si/I2, as a
function of temperature (see Figures 4-6 (a-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 transition
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 characteristics of the material at the phase transition.

In general, it is possible that a maximum in the noise should signal a phase transition [47-
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49,75-79]. Prior studies indicate that the noise increases in the vicinity of the metal-

insulator transition [75], spin glass transition [76,77], and other various phase transitions

[78,79].
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Figure 4-6: Noise evolution with temperature. The normalized current noise spectral
density as a function of temperature plotted for three different frequencies f=1 Hz, 5 Hz
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. Reprinted with permission from S. Ghosh et al., Advanced
Electronic Materials. 2021, 7, 2100408, Copyright © 2021, Wiley-VCH GmbH.
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The noise temperature dependence at around T=200 K, where it attains minimum, is
intriguing (see Figures 6 (a-d)). Previously, this temperature was identified as a possible
Mott metal — insulator transition point for FePSs [11,62]. The latter was established via
measurements that involved an application of high pressure [11,62]. 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-
frequency noise in semiconductors predict the noise magnitude proportional to
temperature. For example, in McWhorter’s theory, the noise spectral density scales with
temperature as Si~ksT (here kg is the Boltzmann constant) [80]. This explains the decrease
of the noise with the temperature decrease from 300 K 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 position of the noise minimum is an
interplay of two trends — one is the noise temperature dependence typical for
semiconductors 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 vs.
temperature in CuMn [76] and Cr [77]. While noise scaling in metals is more complicated
one can envision a similar interplay resulting in non-monotonic dependence of noise on

temperature.
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4.4 Conclusions

In conclusion, we investigated low-frequency noise in the quasi-2D van der Waals AF
semiconductor FePSswith the electronic bandgap of 1.5 eV. The noise spectral density was
of the 1/f-type over most of the examined temperature range but reveals well-defined
Lorentzian bulges, and it increases strongly near the Néel temperature Tn =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 Si~ksT , 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 K
to 200 K, and noise increase with further decrease in temperature associated with the early
effect of the phase transition at Néel temperature. The noise spectra revealed well-defined
Lorentzian bulges near the Néel temperature Tn=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 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.
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5 Low-Frequency Current Fluctuations in Quasi-1D Weyl

Semimetal Nanoribbons

The following chapter (text and figures) has been fully reprinted from the arXiv Preprint:
S. Ghosh, F. Kargar, N. R. Sesing, Z. Barani, T. T. Salguero, D. Yan, S. Rumyantsev, and

A. A. Balandin, Low-Frequency Noise in Quasi-1D (TaSes)2l Weyl Semimetal
Nanoribbons, arXiv:2208.06476, 2022.

5.1 Introduction to Quasi 1D Weyl Semimetal

Recently, one-dimensional (1D) van der Waals (vdW) quantum materials with emergent
topological phases, derived from strongly correlated interactions, have attracted significant
attention [1, 3]. A prototype example is a tetra-selenide compound (TaSes).l, with a
structure featuring unusual axially chiral (TaSes)n chains [4-7]. At elevated temperatures,
this 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 temperatures
below the Peierls transition temperature Tp = 248 K — 263 K, (TaSes)l reveals the charge-
density-wave (CDW) phase [4, 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, in this case, Ta tetramerization [14-19]. It has been suggested that (TaSes)2l

reveals a correlated topological phase, which arises from the formation of CDW in a Weyl
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semimetal [11, 12]. This quasi-1D quantum material represents an interesting avenue for
exploring the interplay of correlations and topology, as well as being an exciting system

for examining new functionalities and electronic applications [17, 20].

There is an interesting, applied physics aspect 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
[21, 22]. When the interconnect linewidth scales below the electron mean free path, its
resistivity increases in a power-law function due to increased electron scattering from
interfaces and grain boundaries [23, 24]. This problem is persistent for all elemental metals,
including Cu, Co, and Ru. Quasi-1D vdW materials demonstrated different dependencies
where the resistivity remained nearly constant with the scaling of the interconnect cross-
sectional area due to their single-crystal nature and sharp vdW boundary interfaces [25,
26]. There are indications that in some topological semimetals, the electrical conductivity
can actually increase as the cross-sectional area decreases. Recent studies have shown that
in the topological Weyl semimetal NbAs the resistivity can decrease by an order of
magnitude from 35 pQ-cm in bulk single crystals to 1-5 pQ-cm in ~200 nm nanoribbons
[27]. For this reason, a better understanding of electron transport phenomena in Weyl
semimetals can have an immediate practical significance for interconnect applications [28,

29].
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In this chapter, we discuss on the low-frequency current fluctuations, i.e., low-frequency
electronic noise, also referred to as excess noise, in (TaSes)2l 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 material, as well as serve as an early
indicator of electromigration damage [30-35]. We have previously used low-frequency
noise measurements for monitoring phase transition in various materials [36-39] as well as
for assessing the material quality and device reliability [40-42]. In this work, we are
primarily motivated 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.

5.2 Growth and Characterization of Bulk Materials

The bulk material was provided by Prof. Tina T. Salguero’s research group from the
University of Georgia. The crystal structure of quasi-1D (TaSes).I above Tp is illustrated

in Figure 5-1 (a) with a view showing (TaSes). chains aligned along the c-axis, within an
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iodide lattice [43]. The view of a single (TaSe4), chain highlights several key features,
including the coordination of each Ta center to eight selenium atoms in rectangular anti-
prismatic 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 interactions
with iodide, and most notably, the rotating pattern of Se>*” about the chain axis that
generates axial chirality. Single crystal (TaSes)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. For the
crystal synthesis, 0.3188 g (2.512 mmol) of |2 crystals (JT Baker, 99.9%) were placed at
the bottom of a ~18 x 1 cm nitric acid-cleaned and dried fused quartz ampule (10 mm inner
diameter, 14 mm outer diameter, volume of ~13 cm?®) placed on the benchtop. This was
followed by a mixture of 0.6468 g (3.575 mmol) Ta (Strem, 99.98%) and 1.1361 g (14.388
mmol) Se (Strem, 99.99%), gently pre-ground in an agate mortar; clean transfer was
assisted by a glass funnel and anti-static brush. While submerged in an acetonitrile/dry ice
bath, the ampule was evacuated four times with Ar backfilling on a Schlenk line before
being sealed under vacuum. The ampule was placed in a two-zone horizontal tube furnace
and the temperature was ramped over 6 h to establish a gradient of 590 °C (source zone)
— 530 °C (growth zone). After maintaining this gradient for 240 h, the ampule was cooled
to room temperature over 12 h. It was opened in an Ar-filled glovebox. This reaction
provided 1.2604 g of gray, prismatic crystals (62.93 % isolated yield) recovered from the

growth zone, which were subsequently stored within the glovebox. In this way, by using a
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Figure 5-1: (a) Crystal structure of (TaSes).l viewed down the c-axis (left panel) and a-
axis (right panel), with atoms corresponding to Ta (red), Se (blue), and I (yellow). (b)
Powder x-ray diffraction pattern of the CVT-grown crystals; experimental (top) and
reference card 04-011-3118 (bottom pattern). (c) Scanning electron microscopy image of
a mechanically exfoliated (TaSes)l crystal surface and corresponding energy dispersive
spectroscopy elemental mapping.

temperature gradient of 590-530 °C for 10 d, mm- to cm-sized (TaSes).l crystals in good
yield were produced [44, 45]. The quality of this material was examined using several

methods (see Figure 5-1 (b-c)). Scanning electron microscopy (SEM) reveals features
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exhibited by many 1D van der Waals materials, such as growth striations and facile
cleavage along the van der Waals gap. Powder x-ray diffraction (XRD) confirms the
expected structure of (TaSes):21. Energy dispersive x-ray spectroscopy (EDS) demonstrates
homogeneity and provides a composition of (TaSes.4)210.8; selenium and iodide deficiencies
are well-known for metal chalcogenide compounds and expected here [46, 47]. The EDS
data of the grown crystal is provided in table 5-1.

Table 5-1: EDS Characterization of the CVT-grown (TaSes)2l Crystal Samples

EDS Results

Taat% Seat% lat% Formula (normalized

to Ta)

18.2 72.7 9.1 TasSesl

Experimental (average WA0N:yi 71.18 8.14 TaxSesslos

of 14 areas across 5

crystals)

5.3 Quasi 1D Nanoribbon Fabricated Devices

The quasi-1D nanoribbons of (TaSes).l were prepared using a mechanical exfoliation
technique on top of clean Si/SiO; substrates (University Wafer, p-type Si/SiOa, <100>).
Here, we use the term nanoribbon rather than nanowire to describe these structures owing

to the fact that the width of the selected structures was substantially wider than the
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thickness. This allowed for more accurate nanofabrication, testing, and comparison with
quasi-2D materials. The exfoliated (TaSes)2l nanoribbons had a length of a few
micrometers, a width on the scale of hundred nanometers, and a thickness in the range of
10 nm — 100 nm as confirmed by atomic force microscopy (AFM). The AFM images for

two exfoliated nanoribbons with different thicknesses are shown in Figure 5-2 (a). A

(b) ——(TaSe,),| Raman Spectra TE
——— Single Lorentzian Fitting P
= —— Cumulative Fitting 2
s «
©
-~
2 |n - o §
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c 3o 8 v oo ®
- =] = 2
© = < -
L L 1 1
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Raman Shift (cm™)

Figure 5-2: Characterization of the exfoliated quasi-one-dimensional (TaSes):l
nanoribbons. (a) Atomic force microscopy images of two exfoliated nanoribbons with
different thicknesses and widths. The studied nanoribbons had thicknesses in the range of
10 nm to 100 nm. (b) Raman spectrum of a (TaSeas)2l nanoribbon at room temperature. (c)
Schematic of a (TaSes)2l nanoribbon test structure on Si/SiO; substrate. (d) Scanning
electron microscopy image of a (TaSes)2l nanoribbon test structure with varying channel
lengths from 1 um to 4 um. Pseudo-colors are used for clarity.
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representative Raman spectrum of the exfoliated nanoribbons is provided in Figure 5-2 (b).
One can clearly see seven Raman peaks at the frequencies of 63.9 cm™, 67.9 cm™, 100.1
cm’!, 143.3 cm™, 160.3 cm™, 182.8 cm’™!, and 270.9 cm™, in line with prior reports on bulk
(TaSes)ol crystals [48-51]. All observed Raman frequencies belong to the A; vibrational
mode type, except the peak at 67.9 cm™ which belongs to the B, symmetry group [49]. The
test structures with multiple electrodes were prepared using electron-beam lithography
(EBL) to define the contacts on the same nanoribbon. Electron beam evaporation (EBE)
was used to deposit Cr/Au metals (10 nm / 100 nm) to form the contacts for measurements.
Figure 5-2 (c) shows a schematic diagram of the test structure, containing several metal
contacts and pads on the Si/SiO> substrate. The channel lengths of the individual devices,
i.e., the distance between two contacts, were in the range of 1 um to 6 pm. The quality of
the contacts and the nanoribbon channels was verified with SEM. A colored SEM image

of a representative (TaSes):I nanoribbon test structure is provided in Figure 5-2 (d).

5.4 Electrical and Noise Measurements of Nanoribbon Devices

The temperature-dependent current-voltage (I-V) measurements 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
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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 preamplifier (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 noise calculations, the voltage spectral density, Sy, was
recalculated to its equivalent current spectral density, S;, and normalized by the
corresponding current squared, /2. Further details of our noise measurement systems and

procedures can be found in the in the prior reports for other materials and devices [39, 40,

52, 53].

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 5-3 (a)
presents the low-bias I-V characteristics of one of the (TaSes).l test structures 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 (TaSes):l nanoribbon was determined using the conventional
transmission line measurement (TLM) technique (see Figure 5-3 (b). The contact
resistance value for this representative device is 2Rc=440 ), which is an order of
magnitude lower than any of the channel resistances, R. The latter further confirms the

quality of the fabricated contacts. The fact that Rc<<R is beneficial for the interpretation
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Figure 5-3: Electrical and low-frequency noise characteristics of a (TaSes)2l nanoribbons
at room temperature. (a) Current-voltage characteristics for nanoribbon devices with
different channel lengths. (b) Resistance of the nanoribbon devices as a function of the
channel lengths. (c) Voltage noise spectral density, Sy, as a function of frequency for a
(TaSes)2l nanoribbon device at different source-drain biases. (d) Current noise spectral
density, S, as a function of the device current.

of the noise measurements as well.

The as-measured low-frequency voltage noise spectral density, Sy, is shown in Figure 5-
3 (¢). The room-temperature data are presented for a (TaSes)>I nanoribbon device with the

2-pum channel length measured for the source-drain bias, Vp, ranging from 10 mV to 60
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mV. The noise spectra for all bias voltages are of 1/f7 (y = 1) flicker noise type, which is
typical for both semiconductor and metallic materials [30, 38, 39, 54]. The noise levels

measured 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, Sy, as a function of the source-drain current, 7, at a fixed frequency of /=10 Hz is
presented in Figure 5-3 (d). The S; vs. I behavior is quadratic, i.e., S; ~ I?, with the 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 procedures and the fact that the (TaSes).I nanoribbons act as passive linear

resistors.

The temperature-dependent I-Vs and noise data for a (TaSes).l device with a 2-pm
channel length are presented in Figure 5-4 (a-d). Figure 5-4 (a) shows the device resistance
in a logarithmic scale normalized by the resistance of the channel at 300 K, i.e.
log[R/R300], 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/R300] on inverse temperature is consistent with prior reports for bulk (TaSes).l
samples [4, 5, 8-13]. There is an abrupt 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 5-4 (b). In our case, we observed the transition at 7=235 K for both

cooling and heating cycle measurements. Previous reports attributed the change in the
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resistivity slope to the Peierls transition, i.e., CDW phase transition, observed mostly at
Tp=260 - 263 K [4, 8, 9]. However, some reports indicated this transition at a temperature
as low as 7p=235 - 240 K [55, 56]. It is known from experience with other CDW materials,
that the temperature of the CDW phase transition may depend on the sample thickness
[57, 58]. In addition, some data scatter for the transition temperature can be due to small

stoichiometric variations, e.g., the loss of iodine.

It has been stated that the Peierls transition in (TaSes).l is accompanied by opening a
CDW energy bandgap of ~0.2 eV [4, 12, 59, 60]. There is an unusual feature of the phase
transition in (TaSes)21, which was noticed and discussed in the original studies of bulk
crystals [8-10]. The material reveals a non-metallic R(7) dependence both below and
above Tp. This issue was addressed in detail in a report that described (TaSes).l as the
zero-bandgap semiconductor and introduced a notion of the semiconductor-
semiconductor phase transition [59]. In our measurements with (TaSes).I nanoribbons, the
resistance change near 7p is consistently observed but it is somewhat more gradual than
in the case of bulk samples. We speculate that this can be related to the strain induced by
the lattice mismatch between the material and Si/SiO; substrate. The latter is supported
by our experiments with AIbO3 and other substrates and prior reports on the effect of the
substrate-induced strain on resistive switching in nanowires [13, 61 - 63]. Based on the
above considerations, we can conclude that our measured resistivity data are in line with

previous reports [8-11, 13], and focus on the current fluctuations in (TaSes)>I nanoribbons.
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Figure 5-4: Temperature-dependent electrical and low-frequency noise characteristics of
a (TaSes).l nanoribbon device. (a) Logarithmic normalized resistance, log([R/Rz00], as a
function of inverse temperature, 10%T, for a (TaSes)2l nanoribbon device with a 2-pum
channel length. (b) Logarithmic derivative, d(log([R/R300])/d(10%/T), vs inverse
temperature of the same device. (c) Normalized noise current spectral density, S/, as a
function of frequency at temperatures near the transition temperature measured at a
constant device current of 0.5 pA. The noise behavior is of 1/f type, exceptat T ~ 225 K,
where the noise becomes Lorentzian type. (d) Normalized noise spectral density multiplied
by the frequency, xS/F?, as a function of frequency at different temperatures.
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Figure 5-4 (c) shows the normalized noise current spectral density, S/, as a function of
frequency, f, at temperatures near 7p for the same device. The noise measurements were
conducted between 200 K — 235 K to capture the Peierls transition from a possible change
in the noise spectrum. One can notice an evolution of the 1/f spectrum to Lorentzian bulge
near the Peierls transition temperature. To clarify the trend, we plotted xS#/F vs. f, which
removes the 1/f background. One can see that at 7=225 K, the noise spectral density
reaches a maximum and develops a Lorentzian bulge. As the temperature increases further
the noise becomes 1/f'again, and its level decreases. We argue that the noise increase and
Lorentzian feature are signatures of the Peierls transition, which we observed in the
resistivity behavior in Figures 5-4 (a) and (b). The same trend — noise increases and
Lorentzian — type bulges near the CDW phase transitions have been reported previously
for different materials [36-39]. Some differences in temperature 7p 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 possibility of a temperature drift during the noise
measurements. Generally, the Lorentzian noise spectrum is a signature of a two-level
system [64, 65]. In the case of a phase transition, the material state and its resistance can
switch between the two phases until the material system is driven further away from the
transition point 7p. We observed a similar behavior in 1T-TaS;, another CDW material
[36, 37]. It is unlikely that the Lorentzian bulges which we see in the noise spectrum of

(TaSe4)21 are due to the generation-recombination (G-R) noise that originates from high
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Figure 5-5: (a) Normalized noise current spectral density, S/, as a function of frequency
at temperatures near the transition temperature measured at another constant device current
of 1.0 pA. The noise behavior shows 1/f nature except at T ~ 225 K, where the noise is of
Lorentzian type. (b) The normalized noise spectral density multiplied by the frequency,
xSy, as a function of frequency at different temperatures.

concentrations of one type of defects with particular time constants since it is observed
only at one temperature and the noise spectrum returns to its original 1/f type. The noise

behavior follows a similar trend range as measured at a different device current (refer to

Figure 5-5(a-b)).

In Figure 5-6, we plot the noise spectral density normalized for the channel area,
S=Si/P x(WxL), at a fixed frequency /=10 Hz and two representative values of the current.
We have previously introduced the £ parameter in order to compare low-frequency noise
levels in two-dimensional (2D) materials such as graphene and MoS, [66, 67]. One can
see that the noise spectral density increases by an order of magnitude near 7p proving that

the noise level is a suitable indicator of the phase transition. Figure 6 attests to the low
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Figure 5-6: Evolution of the noise spectral density with temperature. The noise spectral
density normalized by device current and channel area, S/° xW =L, measured at f= 10 Hz,
at the constant currents of Ips = 0.5 pA and 1.0 pA. The noise level increases substantially
near T ~ 225 K.

noise level, normalized by the channel area, compared to 2D materials. The nanoribbon
shape of the (TaSe4).l channels, with the width much larger than the thickness, makes the
comparison with 2D materials meaningful. The value of the S parameter away from the
phase transition is below 2 x 10 pm?Hz!. For comparison, the area-normalized noise level
in graphene is =10 um*Hz! while that in thin MoS> is =10 pm?Hz' [60]. The noise
level, S/, without surface normalization, is also rather low, below 4 x 10 Hz!, away

from the phase transition point, both in the low and high-temperature regions.
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It is not possible to state at this point if the low level of the low-frequency noise in
(TaSes)2I nanoribbons is due to the current fluctuation suppression in the topologically
protected conductive channels of the Weyl semimetal [68, 69]. The latter 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 experimental data
reported in this study indicates an unexpectedly low noise level and motivates future
studies. One should 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 similar to the values reported for bulk (TaSes)l, on the order of
102 Q-cm [9, 11]. This material may not be the optimum one for interconnect applications
in terms of its resistivity, but the low noise level for topological Weyl semimetals is a
promising feature. It is known that low-frequency noise can be an early indicator of
damage to materials and devices [70-73]. With the device degradation, the noise increases
at a much faster rate than the changes in the averaged characteristics such as I-Vs. The
latter makes the noise a sensitive predictor of a lifetime. The results obtained in this work
can be used for developing assessment methodologies for the reliability of topological

semimetals.
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5.5 Conclusions

In conclusion, we describe low-frequency current fluctuations in quasi-1D (TaSes)2l Weyl
semimetal nanoribbons. The noise spectral 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 transition 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 is
surprisingly low, S/12x(WxL) ~10"° 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.

93



10.
11.

12.

13.

14.

References

Y. Yuan, W. Wang, Y. Zhou, X. Chen, C. Gu, C. An, Y. Zhou, B. Zhang, C. Chen,
R. Zhang, Z. Yang, Advanced Electronic Materials 2020, 6, 1901260.

O. F. Shoron, M. Goyal, B. Guo, D. A. Kealhofer, T. Schumann, S. Stemmer,
Advanced Electronic Materials 2020, 6, 2000676.

I. D. Bernardo, J. Hellerstedt, C. Liu, G. Akhgar, W. Wu, S. A. Yang, D. Culcer, S.
K. Mo, S. Adam, M. T. Edmonds, M. S. Fuhrer, Advanced Materials 2021, 33,
2005897.

J. Gooth, B. Bradlyn, S. Honnali, C. Schindler, N. Kumar, J. Noky, Y. Qi, C.
Shekhar, Y. Sun, Z. Wang, B. A. Bernevig, C. Felser, Nature 2019, 575, 315.

A. A. Sinchenko, R. Ballou, J. E. Lorenzo, T. Grenet, P. Monceau, Applied Physics
Letters 2022, 120, 063102.

W. Shi, B. J. Wieder, H. L. Meyerheim, Y. Sun, Y. Zhang, Y. Li, L. Shen, Y. Qi,
L. Yang, J. Jena, P. Werner, K. Koepernik, S. Parkin, Y. Chen, C. Felser, B. A.
Bernevig, Z. Wang, Nature Physics 2021, 17, 381.

T. Konstantinova, L. Wu, W. G. Yin, J. Tao, G. D. Gu, X. J. Wang, J. Yang, I. A.
Zaliznyak, Y. Zhu, npj Quantum Materials 2020, 5, 1.

M. Maki, M. Kaiser, A. Zettl, G. Griner, Solid State Communications 1983, 46,
497.

Z. Z. Wang, M. C. Saint-Lager, P. Monceau, M. Renard, P. Gressier, A.
Meerschaut, L. Guemas, J. Rouxel, Solid State Communications 1983, 46, 325.

H. Fujishita, M. Sato, S. Hoshino, Solid State Communications 1984, 49, 313.

I. A. Cohn, S. G. Zybtsev, A. P. Orlov, S. v. Zaitsev-Zotov, JETP Letters 2020,
112, 88.

X. P. Li, K. Deng, B. Fu, Y. K. Li, D. S. Ma, J. F. Han, J. Zhou, S. Zhou, Y. Yao,
Physical Review B 2021, 103, L081402.

Q. G. Mu, D. Nenno, Y. P. Qi, F. R. Fan, C. Pei, M. Elghazali, J. Gooth, C. Felser,
P. Narang, S. Medvedev, Physical Review Materials 2021, 5, 084201.

G. Gruner, Reviews of Modern Physics 1988, 60, 1129.

94



15.
16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

S. v Zaitsev-Zotov, Physics-Uspekhi 2004, 47, 533.
P. Monceau, Advances in Physics 2012, 61, 325.

A. A. Balandin, S. v. Zaitsev-Zotov, G. Griner, Applied Physics Letters 2021, 119,
170401.

V. Favre-Nicolin, S. Bos, J. E. Lorenzo, J.-L. Hodeau, J.-F. Berar, P. Monceau, R.
Currat, F. Levy, H. Berger, APS 2001, 87, 015502.

Y. Shi, Q. Li, J. Yu, al -, S. Onishi, M. Jamei, A. Zettl -, S. van Smaalen, E. J. Lam,
Journal of Physics: Condensed Matter 2001, 13, 9923.

A. A. Balandin, F. Kargar, T. T. Salguero, R. K. Lake, Materials Today 2022, 55,
74.

Z. Chen, N. Boyajian, Z. Lin, R. T. Yin, S. N. Obaid, J. Tian, J. A. Brennan, S. W.
Chen, A. N. Miniovich, L. Lin, Y. Qi, X. Liu, I. R. Efimov, L. Lu, Advanced
Materials Technologies 2021, 6, 2100225.

A. Ruiz-Clavijo, O. Caballero-Calero, D. Navas, A. A. Ordoniez-Cencerrado, J.
Blanco-Portals, F. Peir6, R. Sanz, M. Martin-Gonzalez, Advanced Electronic
Materials 2022, 2200342.

W. Steinhogl, G. Schindler, G. Steinlesberger, M. Engelhardt, Physical Review B
2002, 66, 075414.

D. Josell, S. H. Brongersma, Z. Tokei, Annual Review of Materials 2009, 39, 231.

M. A. Stolyarov, G. Liu, M. A. Bloodgood, E. Aytan, C. Jiang, R. Samnakay, T. T.
Salguero, D. L. Nika, S. L. Rumyantsev, M. S. Shur, K. N. Bozhilov, A. A.
Balandin, Nanoscale 2016, 8, 15774.

T. A. Empante, A. Martinez, M. Wurch, Y. Zhu, A. K. Geremew, K. Yamaguchi,
M. Isarraraz, S. Rumyantsev, E. J. Reed, A. A. Balandin, L. Bartels, Nano Letters
2019, 19, 4355.

C. Zhang, Z. Ni, J. Zhang, X. Yuan, Y. Liu, Y. Zou, Z. Liao, Y. Du, A. Narayan,
H. Zhang, T. Gu, X. Zhu, L. Pi, S. Sanvito, X. Han, J. Zou, Y. Shi, X. Wan, S. Y.
Savrasov, F. Xiu, Nature Materials 2019, 18, 482.

C.T.Chen, U. Bajpai, N. A. Lanzillo, C. H. Hsu, H. Lin, G. Liang, Technical Digest
- International Electron Devices Meeting, IEDM 2020, 32.4.1.

D. Gall, J. J. Cha, Z. Chen, H. J. Han, C. Hinkle, J. A. Robinson, R. Sundararaman,
R. Torsi, MRS Bulletin 2021, 46, 959.

95



30.

31.

32.

33.

34.
35.
36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

G. Liu, S. Rumyantsev, M. A. Bloodgood, T. T. Salguero, M. Shur, A. A. Balandin,
Nano Letters 2017, 17, 377.

S. Beyne, K. Croes, I. de Wolf, Z. Tokei, Journal of Applied Physics 2016, 119,
184302.

T. M. Chen, A. M. Yassine, IEEE Transactions on Electron Devices 1994, 41,
2165.

B. Neri, A. Diligenti, P. E. Bagnoli, IEEE Transactions on Electron Devices 1987,
34, 2317.

P. Dutta, P. M. Horn, Reviews of Modern Physics 1981, 53, 497.
W. Yang, Z. Celik-Butler, Solid-State Electronics 1991, 34, 911.

G. Liu, S. Rumyantsev, M. A. Bloodgood, T. T. Salguero, A. A. Balandin, Nano
Letters 2018, 18, 3630.

R. Salgado, A. Mohammadzadeh, F. Kargar, A. Geremew, C. Y. Huang, M. A.
Bloodgood, S. Rumyantsev, T. T. Salguero, A. A. Balandin, Applied Physics
Express 2019, 12, 037001.

A. K. Geremew, S. Rumyantsev, F. Kargar, B. Debnath, A. Nosek, M. A.
Bloodgood, M. Bockrath, T. T. Salguero, R. K. Lake, A. A. Balandin, ACS Nano
2019, 13, 7231.

S. Ghosh, F. Kargar, A. Mohammadzadeh, S. Rumyantsev, A. A. Balandin,
Advanced Electronic Materials 2021, 7, 2100408.

S. Ghosh, K. Fu, F. Kargar, S. Rumyantsev, Y. Zhao, A. A. Balandin, Applied
Physics Letters 2021, 119, 243505.

S. Ghosh, H. Surdi, F. Kargar, F. A. Koeck, S. Rumyantsev, S. Goodnick, R. J.
Nemanich, A. A. Balandin, Applied Physics Letters 2022, 120, 062103.

R. Samnakay, A. A. Balandin, P. Srinivasan, Solid-State Electronics 2017, 135, 37.
P. Gressier, L. Guemas, A. Meerschaut, Acta Cryst. 1982, 38, 2877.

P. Gressier, A. Meerschaut, L. Guemas, J. Rouxel, P. Monceau, Journal of Solid
State Chemistry 1984, 51, 141.

Y. Shi, Q. Li, J. Yu, al -, S. Onishi, M. Jamei, A. Zettl -, S. van Smaalen, E. J. Lam,
Journal of Physics: Condensed Matter 2001, 13, 9923.1. Ohana, D. Schmeltzer, D.
Shaltiel, Y. Yacoby, A. Mustachi, Solid State Communications 1985, 54, 747.

96



46.

47.

48.

49,

50.
51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

H. Yi, Z. Huang, W. Shi, L. Min, R. Wu, C. M. Polley, R. Zhang, Y. F. Zhao, L. J.
Zhou, J. Adell, X. Gui, W. Xie, M. H. W. Chan, Z. Mao, Z. Wang, W. Wu, C. Z.
Chang, Physical Review Research 2021, 3, 013271.

F. Kargar, A. Krayev, M. Wurch, Y. Ghafouri, T. Debnath, D. Wickramaratne, T.
T. Salguero, R. K. Lake, L. Bartels, A. A. Balandin, Nanoscale 2022, 14, 6133.

I. Ohana, D. Schmeltzer, D. Shaltiel, Y. Yacoby, A. Mustachi, Solid State
Communications 1985, 54, 747.

A. Zwick, M. A. Renucci, P. Gressier, A. Meerschaut, Solid State Communications
1985, 56, 947.

S. Sugai, M. Sato, S. Kurihara, Physical Review B 1985, 32, 6809.

T. Sekine, T. Seino, M. lzumi, E. Matsuura, Solid State Communications 1985, 53,
767.

A. K. Geremew, S. Rumyantsev, M. A. Bloodgood, T. T. Salguero, A. A. Balandin,
Nanoscale 2018, 10, 19749.

A. Geremew, C. Qian, A. Abelson, S. Rumyantsev, F. Kargar, M. Law, A. A.
Balandin, Nanoscale 2019, 11, 20171.

A. A. Balandin, Nature Nanotechnology 2013, 8, 549.

S. M. Shapiro, M. Sato, S. Hoshino, Journal of Physics C: Solid State Physics 1986,
19, 3049.

M. Saint-Paul, P. Monceau, F. Lévy, Solid State Communications 1988, 67, 581.

P. Goli, J. Khan, D. Wickramaratne, R. K. Lake, A. A. Balandin, Nano Letters
2012, 12, 5941.

R. Samnakay, D. Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero, A. A.
Balandin, Nano Letters 2015, 15, 2965.

C. Tournier-Colletta, L. Moreschini, G. Autes, S. Moser, A. Crepaldi, H. Berger,
A. L. Walter, K. S. Kim, A. Bostwick, P. Monceau, E. Rotenberg, O. v. Yazyev,
M. Grioni, Physical Review Letters 2013, 110, 236401.

Z. Huang, H. Yi, L. Min, Z. Mao, C. Z. Chang, W. Wu, Physical Review B 2021,
104, 205138.

J. Wu, Q. Gu, B. S. Guiton, N. P. de Leon, L. Ouyang, H. Park, Nano Letters 2006,
6, 2313.

97



62.

63.

64.
65.
66.

67.

68.

69.

70.
71.

72.

73.

H. M. Lefcochilos-Fogelquist, O. R. Albertini, A. Y. Liu, Physical Review B 2019,
99, 174113.

M. K. Lin, J. A. Hlevyack, P. Chen, R. Y. Liu, S. K. Mo, T. C. Chiang, Physical
Review Letters 2020, 125, 176405.

D. J. Ulness, A. C. Albrecht, Physical Review A 1996, 53, 1081.
T. Grasser, Springer Nature 2020.

S. L. Rumyantsev, C. Jiang, R. Samnakay, M. S. Shur, A. A. Balandin, IEEE
Electron Device Letters 2015, 36, 517.

M. A. Stolyarov, G. Liu, S. L. Rumyantsev, M. Shur, A. A. Balandin, Applied
Physics Letters 2015, 107, 023106.

S. Y. Xu, N. Alidoust, I. Belopolski, Z. Yuan, G. Bian, T. R. Chang, H. Zheng, V.
N. Strocov, D. S. Sanchez, G. Chang, C. Zhang, D. Mou, Y. Wu, L. Huang, C. C.
Lee, S. M. Huang, B. Wang, A. Bansil, H. T. Jeng, T. Neupert, A. Kaminski, H.
Lin, S. Jia, M. Z. Hasan, Nature Physics 2015, 11, 748.

M. Z. Hasan, G. Chang, I. Belopolski, G. Bian, S. Y. Xu, J. X. Yin, Nature Reviews
Materials 2021, 6, 784.

L. K. J. Vandamme, IEEE Transactions on Electron Devices 1994, 41, 2176.
J. Xu, D. Abbott, Y. Dai, Microelectronics Reliability 2000, 40, 171.

Z. Gingl, C. Pennetta, L. B. Kiss, L. Reggiani, Semiconductor Science and
Technology 1996, 11, 1770.

A. A. Balandin, American Scientific Publishers 2002, 258.

98



