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Abstract

Avalanche multiplication phenomena in
ambipolar TMDC field-effect transistors

Jaeyoung Kim
Department of Physics and Astronomy
Seoul National University

Two-dimensional (2D) materials are considered as one of the most prominent
candidates for next-generation semiconductor technology. Due to their high mobility,
tunable band gap and structural uniformity preserved down to single atom thickness,
2D materials are under intensive research in a wide range of fields from transistors,
photodetectors, sensors to neuromorphic devices. Taking advantage of their potential
in the field of optoelectronics, there has recently been growing number of reports on
implementing avalanche multiplication in these materials. Previous studies have
mainly focused on optimizing material selection and device architecture, and as a
result realized highly sensitive avalanche photodetectors and low subthreshold-
swing avalanche transistors. However, most of the investigations are based on the
theory for avalanche multiplication in conventional three-dimensional (3D)
materials, and fundamental analysis on avalanche phenomena in 2D materials is
required to further enhance device performance and establish novel architectures.
A fundamental question is the comparison between ionization rates of electrons
and holes. In most of the conventional 3D semiconductors, it has been thoroughly
examined that the ionization rates are different for these two charge carriers, and
their ratio also varies in different materials. However, until now there has been very

little research on the comparison of these quantities in 2D materials. In order to study



the ionization rates of both charge carriers in a single 2D material, it must be tunable
to allow the flow of either charge carrier, i.e., it must be ambipolar. Although
ambipolar 2D materials have the advantage of facile carrier type tuning through
electrostatic gating, simultaneously allowing both carrier types in a single channel
poses an inherent difficulty in analyzing their individual contributions to avalanche
multiplication. In ambipolar field-effect transistors (FETS), two different phenomena
of ambipolar transport and avalanche multiplication can occur, and both exhibit
secondary rise of output current at high lateral voltage. In my thesis study, | proposed
the method of channel length modulation to distinguish these two phenomena, and
successfully analyzed the properties of electron- and hole-initiated multiplication in
ambipolar WSe, FETSs.

First, I investigated ambipolar transport in WSe; FETs, which occurs in devices
with longer channel lengths. Ambipolar transport is a phenomenon where electrons
and holes flow through the channel simultaneously and each contribute to the total
current. It is induced when the drain voltage surpasses the gate voltage, so that the
electrostatic gating is locally reversed in part of the channel near the drain electrode.
To confirm the occurrence of ambipolar transport in WSe; FETS, | conducted high
voltage sweep measurements in the devices under various gate bias conditions. The
critical voltage of the secondary current shifted in accordance with the modulation
of gate voltage, which is direct evidence of the ambipolar transport model. | also
discuss the working mechanism of the phenomenon through charge carrier
distribution and band structure description of the system.

Next, | analyzed avalanche multiplication in WSe, FETSs, which occurs in

devices with shorter channel lengths. Here, the lateral electric field is much higher



than that in long-channel devices, so that impact ionization can begin before the drain
voltage reaches the critical voltage for ambipolar transport. The measurements in
devices with various channel lengths clearly show the correlation of breakdown
voltage with channel length, which yields the intrinsic breakdown field of the
material in agreement with the avalanche model. Band structure description is also
utilized to discuss the contrasting results from the ambipolar transport characteristics.
As the principal motive of the research, | extracted and compared the ionization rates
of electrons and holes through the analysis of multiplication factors and breakdown
voltages. lonization rates of hole were found to be higher than electrons, in
agreement with the result of lower breakdown voltage of holes than electrons. Finally,
| suggest a method of selectively engineering the two competing phenomena of
ambipolar transport and avalanche multiplication through careful choice of the
channel and dielectric materials.

The essential accomplishment of my thesis study was devising a simple and
robust method of channel length modulation to separate and thoroughly differentiate
between two seemingly alike phenomena of ambipolar transport and avalanche
multiplication. With the commercialization of 2D materials approaching and the
interest in the fields of both phenomena still expanding, this research will foster the
development of high-performance devices and novel architectures utilizing

ambipolar transport and avalanche multiplication.

Keywords: Transition metal dichalcogenides, 2D materials, Avalanche
multiplication, Ambipolar transport, Field-effect transistors.

Student Number: 2016-26761
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Chapter 1. Introduction

1.1. Transition metal dichalcogenides

Two-dimensional (2D) materials are a family of materials that have emerged from
the advent of graphene and have grown to be an enormous research field in materials
science and electronics.!” These materials form strong covalent bonds in the xy-
plane, but weak van der Waals bonds in the out-of-place direction leading to easy
separation of layers even to a single atom thickness. Since there are no dangling
bonds throughout the surface, the intrinsic property of each layer is preserved when
2D materials are stacked together. Thus, various types of 2D materials such as
semiconductors, insulators and semimetals can be carefully chosen and stacked to
easily design and form diverse interfaces such as p-n junctions, tunnel barriers and
quantum wells.*?

Transition metal dichalcogenides (TMDCs) are a group within the family of 2D
materials, where each repeating layer consists of a transition metal atom at the center
sandwiched by two chalcogen atoms (i.e., group 16 elements) on top and bottom.
This bonding formation leads to a unit cell that is three atoms thick, generally having
the thickness of 6 to 7 angstroms.® Within the TMDCs, the band gap is lowered as
the chalcogen atom is changed from S, Se to Te, resulting in S and Se groups being
semiconductors while Te groups are generally semimetals.” Out of the many
combinations of transition metals and chalcogens, MoS; and WSe; are known to
have the highest mobility, and show most active research in the field.

The most interesting feature of TMDC is, as is the same for other 2D materials,



that the band structure changes greatly as the thickness is varied.® The band gap
increases as the thickness is reduced due to quantum confinement effect, and in most
cases only monolayers exhibit a direct gap while thicker forms have an indirect gap.
For example, MoS, has a band gap of ~1.2 eV at bulk, but its optoelectronic band
gap increases to ~1.87 eV at monolayer, while WSe» changes from ~1 eV at bulk to
~1.65 eV at monolayer.” While the naturally generated sulfur vacancies act as
electron donors in MoS; allowing only an n-type behavior in most of the cases, the
Fermi level of WSe; is located nearly at the center of the band gap, leading to its
ambipolar behavior. The Fermi level can be easily tuned through electrostatic gating
in a field-effect transistor structure, with a metal gate closely placed to the TMDC
and a dielectric material in between to apply the field effect. Thus, ambipolar
materials such as WSe, are more versatile in that a single material can be used to
locally form an n-type channel and a p-type channel through designing the gating
structure appropriately.'®!!

The TMDCs are under a wide range of research for their applications as the
next-generation semiconductor device materials. First of all, they are one of the most
promising candidates for ultimate scaling of devices because they preserve high
mobility and clean interface even to sub-nm thickness where the current silicon
technology faces severe challenges.'> Moreover, the strong light-matter interaction
of these materials has led to an abundant number of studies in the field of
optoelectronics, while the valley selectivity to research in spintronics.'*'* The rich
possibilities of TMDC materials has been demonstrated in a plethora of device
17,18

applications from biosensors,'> LEDs,'® to neuromorphic devices.

There are, however, challenges to overcome for the device application of



TMDC:s to be realized. First of all, high quality wafer-scale synthesis of monolayer
TMDC materials is difficult. Although growth techniques are continuously
improving, the uniformity of synthesized monolayers is still hampered by wrinkles,
cracks, and local domains of polycrystalline areas.!'*?! Secondly, many of the
materials in the TMDC family are vulnerable to ambient conditions. Although some
are quite robust under these conditions, continuous exposure to oxygen and moisture
result in degradation of material quality, which requires passivation. With these
challenges overcome, TMDC materials will potentially be utilized for next-

generation semiconductor technology.

1.2. Avalanche multiplication

When large electric field is applied to a material, the charge carriers inside the
material are accelerated, eventually to the point where they have enough kinetic
energy to knock out bound electrons from the atoms upon collision. Such process of
electron-hole pair creation is called impact ionization. The newly created electrons
and holes can be accelerated to cause subsequent impact ionization themselves, and
when the number of charge carriers grows exponentially in a chain reaction, the
phenomenon is called avalanche multiplication.?? The magnitude of electric field
required to induce avalanche multiplication varies with the material in question, but
is usually in the order of 10° ~ 10° V/cm.?

Avalanche multiplication itself is a nondestructive and reversible process, so
that the device will return to the initial state when the electric field is removed.
However, generally a strong field creates a large current, and Joule heating that
results from such current flow can cause permanent device failure. In this manner, a

3 1 O



device structure that can yield an extremely high electric field while keeping the
current low is required to form an avalanche, and hence reverse-biased p—n (or
p—i—n) junction have been used to study the physics of avalanche multiplication, as
well as utilized for device applications.

The device structure that can best utilize the phenomenon is the photodetector.
A photodetector senses light through the formation of photocarriers through the
absorption of photons to the active channel. With the use of avalanche multiplication,
even a small number of photocarriers can be amplified inside the channel, and hence
lead to a much higher responsivity. Through this mechanism avalanche photodiodes
(APDs) exhibit much higher detectivity than normal p—i—n photodiodes and can
even be used to detect single photons with an appropriate design of the device,
known as a single photon avalanche detector (SPAD).** Nonetheless, APD has
drawbacks of requiring a higher voltage to operate and having excess noise due to
multiplication of dark current, so that APDs and p—i—n photodiodes are used for
different purposes in a complementary manner.

Avalanche multiplication in bulk materials such as Si, Ge, SiN and GaAs has
been thoroughly investigated since mid-1950s, and successfully put into application
in the form of APDs and SPADs from 1980s. Since the discovery of 2D materials,
the number of research on avalanche multiplication in these materials have also been
gaining much attention.”> The fundamental phenomenon of freeing additional
electron-hole pairs through high-energy collision is the same as in bulk materials,
and reported experimental data are in agreement to a certain extent. However, it is
expected that the correlation between relevant parameters may be contrasting from
bulk materials because of the two-dimensional configuration of electric field

A
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distribution and the passage of charge carriers participating in the collision event.
There are also some discrepancies in quantitative results between various
reports on 2D avalanche multiplication, presumably because the experiments have
been mostly performed without fully eliminating artificial variables such as contact
geometry and field distribution. Therefore, theoretical analysis on avalanche
multiplication specifically in 2D materials as well as experiments conducted in
controlled systems will result in a deeper understanding of 2D avalanche

multiplication phenomenon and its practical utilization.
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Chapter 2. Ambipolar transport in WSe: FETs

In this chapter, 1 will discuss the ambipolar transport phenomenon that occurs in
WSe, FETs. An ambipolar material is a semiconducting material that can easily
transport either electrons or holes. However, in certain conditions both charge
carriers can simultaneously flow through the channel, each contributing to the total
current. This effect occurs when drain-source voltage exceeds the gate bias so that
the minority charge carriers can be accumulated near the drain electrode. [
investigated non-linear transport at high lateral voltages in WSe; FET5, and the shift
of critical voltages in proportion with the modulation of gate voltage is given as the
evidence for ambipolar transport. The resulting current flow is explained through
charge carrier accumulation model in three different regimes categorized by the
range of applied lateral voltage. The mechanism and the effect of gate bias is

systematically discussed through band structure description.

2.1. Introduction

Transistors that are most widely used in contemporary devices made with silicon are
generally unipolar, meaning that they can only accumulate either electrons or holes
to transport current. This is because these transistors consist of previously n-doped
or p-doped silicon through ion implantation, and junctions are made with joining the
silicon components in npn or pnp formation.! However, emerging materials such as
organic or 2D materials are different from the traditional silicon in that pristine
materials can be used directly to form the channel of a transistor and contacted with
metal electrodes which act as the source and drain.” Because the Fermi level of the
channel is close to the middle of the band gap, it is theoretically possible for most of
the materials to function as either electron channels or hole channels, depending on

the direction of electrostatic gating.>* These transistors are called ambipolar
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transistors, when their transfer curves have an off-state in the middle and on-state in
both directions.’ Practically, however, only some of these materials actually exhibit
the ambipolar behavior, and most materials are still unipolar. The reason for
unipolarity is closely related to the choice of metal electrodes and is also affected
strongly by defects and interface conditions.* For example, MoS,, one of the most
prominently studied 2D materials, generally exhibit n-type behavior regardless of
the metal electrode. The most important contribution generally known is from sulfur
vacancies in the material, which act as electron donors, and form naturally in large
amounts due to their low formation energy.® Efforts to engineer these vacancies by
either passivation or synthesizing the material in a condition to reduce the density of
sulfur vacancies have resulted in reducing the electron concentration as a whole,
which is a good supporting evidence of the n-type behavior originating from these
sulfur vacancies.’

Using an ambipolar material as the channel material, an unusual
phenomenon can occur when the transistor is operated at high voltages.® Because the
charge accumulation in the channel is modulated through the electrostatic gating, the
carrier distribution can vary locally within the channel due to the difference of the
gate and the voltage of each local point. When the voltage applied to the drain
becomes greater than the gate voltage, the effect of gating can even be reversed at
the channel close to the drain electrode. In this case, the originally minority charge
carrier in the channel is now accumulated at one side and begins to flow to the
opposite direction.’ During the simultaneous transport of electrons and holes in the
channel, the amount of recombination taking place can vary depending on the

channel material properties. When the transistor is engineered to facilitate carrier



recombination, it can be used to create ambipolar light-emitting devices, while the
case of lower recombination can be used for ambipolar transistors of higher current
transport. This phenomenon of ambipolar transport has been observed and
investigated not only in two-dimensional materials but in various types of materials
from organic molecules, polymers to perovskites, and holds great potential in device

applications from memory and logic to light-emitting transistors.!

2.2. Experiments

2.2.1 Device fabrication

Mechanical exfoliation Spin coating of
of WSe, flake ER layers

Lift-off ER layers Deposition of electrodes E-beam lithography
with acetone

Figure 2.1 Device fabrication process of WSe; field-effect transistors.

The device fabrication process is illustrated in Figure 2.1. Few-layer WSe, flakes
were first transferred onto 270 nm thick SiO»/Si substrate from bulk crystal by
mechanical exfoliation to fabricate WSe, FETs. Then, on top of WSe, flakes, a

double electroresist layer of methyl methacrylate (9% concentration in ethyl lactate)
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and polymethyl methacrylate (950,000 molecular weight, 5% concentration in
anisole) were spin-coated at 4000 rpm. Each resist layer was baked at 180°C for 90
s on a hot plate after coating. Electron-beam lithography method (JSM-6610, JEOL)
was used to pattern the source and drain electrodes, and Pd (50 nm thick) was
deposited with an electron-beam evaporator system (KVE-2004L, Korea Vacuum
Tech.) for the formation of electrodes. The fabricated WSe, FETs were annealed at

150°C for 1 h for enhancement of electrical performance.

2.2.2 Optical and electrical characterization.

Raman and PL spectra of WSe: crystals were measured using a 532 nm laser with an
intensity of 30 uW as the excitation source (XperRam 200, Nanobase Inc.). Next,
the thickness of WSe; flakes was measured using an atomic force microscope (AFM)
(NX10, Park Systems). Finally, the electrical characteristics of the devices were
measured using a semiconductor parameter analyzer (Keithley 4200-SCS) in a

vacuum.

2.3. Results and discussion

2.3.1 Electrical characteristics of WSe2 FETs
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Figure 2.2 (a) Optical image, (b) Raman spectrum and (c) transfer curve
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of the ambipolar WSe; FET device.

WSe; is an atomically thin semiconducting material, where each layer is separated
by a van der Waals gap of ~0.65 nm (Figure 2.2a). I used a mechanical exfoliation
method to transfer few-layer WSe, flakes onto a SiO»/p++ Si substrate with an oxide
thickness of 270 nm, then used the electron-beam lithography method to pattern
source and drain electrodes. Pd with a thickness of 50 nm was deposited through
evaporation as the electrode to provide efficient hole injection at the contacts due to
its high work function, and also because Pd is known to form covalent bonds with
WSe; and form thinner Schottky barrier by metallization of the interface.” The
thickness of the WSe, channel was measured with an atomic force microscope to be
~9.8 nm. The crystalline quality of WSe, was further examined using Raman
spectroscopy (Figure 2.2b). The flakes used in the experiments showed the
characteristic Ezlg, Aqg, and leg peak at ~249 ~258, and ~307 cm ™, respectively,
indicating interlayer vibrational modes in multilayer flakes.!' Figure 2.2¢ shows the
transfer curves (drain-source current versus gate voltage, l;; — V) of a representative
WSe,; FET device. The measurement data showed good ambipolar electronic
characteristics, exhibiting a high on-off ratio of ~107 for electrons and ~108 for holes.
Field-effect mobility values for electrons and holes extracted from the data shown in

Figure 1c were determined to be g, = 13.9 ¢cm?/V's and u, = 37.3 cm?/V-s,

respectively, using the formula u = (?311;15) WCLV with a channel length (L) = 3.2
g ivds

pum, channel width (W) = 9.9 um, and capacitance per unit area (C;) = 1.3 x 107®

F/cm?.
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2.3.2 Current—voltage relation at high lateral voltages
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Figure 2.3 Output curves of the device at various gate bias, showing non-
linear ambipolar transport from (a) hole to electron and (b) electron to

hole.

When sufficiently high voltage is applied between the drain and source electrodes,
metal-oxide-semiconductor FETs (MOSFETs) typically enter the saturation region
due to the pinch-off near the drain electrode.'”” However, when the voltage is
increased further, various physical phenomena can occur in the semiconductor
channel. Figures 2.3a and b illustrate the dynamics of the device under high drain-
source voltage in p-type and n-type modes, respectively. The output curves (drain-
source current versus drain-source voltage, ls—Vy) clearly exhibit triode and
saturation regions at low drain-source voltage. As the drain-source voltage exceeds
a particular value, the current rises further from its saturation level. The onset voltage
of the secondary current increases proportionally to the applied gate bias in both p-
type and n-type modes. This is in support of ambipolar transport and has been

810, 13,14 apd its mechanism

reported in FET systems with various channel materials,
is discussed later in the paper. The device operates by majority carriers up to the

saturation point, and the secondary rise of current after the saturation is due to the
13



accumulation of opposite charge carriers (i.e., minority carriers) near the drain

electrode.
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Figure 2.4 Square-root plot of the additional non-linear current after saturation in

(a) negative and (b) positive gate bias.

Since accumulation occurs similarly to how depletion occurs during the pinch-off,
the current-voltage relation at this region is also parabolic in shape.’ To confirm the
parabolic nature of the ambipolar current, the square root of the secondary current
(defined as I-/,.) was plotted against Vy in Figure 2.4. The plot of each measurement
begins from each of the critical voltages, which is shifted proportionally with the
gate bias as previously mentioned. The linearity of these relations are evidence of
parabolic shape of the secondary current, and support the ambipolar transport model.
Moreover, the data from various gate bias have a similar slope because the same
amount of minority carriers are accumulated at the same effective gate bias near the

drain electrode (defined by Vys — Vo).
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2.3.3 Three distinct transport regimes
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Figure 2.5 Three distinct transport regimes depending on the V4 range. (a) Output
curve of the device. (b-d) [llustration of charge carrier density in (b) unipolar
transport at low Vg, (¢) pinch-off saturation at medium Vg, and (d) ambipolar

transport at high V.

The electrical characteristics of these devices can be separated into three different
transport regimes. Figure 2.5 describes how the output curve can be divided into
different operating regions, and also illustrate the charge carrier concentration
throughout the channel in each of the regions. The following analysis is described in
the n-type mode where electrons act as primary carriers, but the opposite case of p-
type mode is the same with electrons and holes replaced. First, at low voltages, the
device behaves as an ordinary MOSFET where electrons are accumulated
throughout the channel due to positive gate bias above the threshold voltage (Vu).

As the lateral voltage is increased, the effective gate bias at the channel near the
15 =



drain electrode, described by V, o = Vis — Vs, s reduced, resulting in reduction of
electron concentration. When the edge of the channel is fully depleted, the channel
is pinched off and the device enters the saturation region, where MOSFETs are
normally operated in order to provide a stationary current level.!

When the drain voltage exceeds the gate voltage, the effective gate voltage at
the drain electrode becomes negative. Once it passes the threshold voltage for hole
accumulation, holes begin to flow from the drain electrode (Figure 2.5d).

Altogether, the current-voltage response in each of the three transport regimes

can be described by the following equations.

wCiW

Lnt = S (Vy = Vin1) — 222} Ve @.1)
in unipolar region, where |V;g| < |I{q = Vinal-
ciw

Isat = B2 (Vy = Vi)’ (22)

in saturation region, where |I{q —Vena| < Vgsl < |I{q — Venzl-

+ 2258y — (Vy = Venz)} (2.3)

Lompi = Isar +

in ambipolar region, where |V;g| = |I{'g = Vinz|-

In equations (2.1), (2.2), and (2.3), Lui, Isar, and Lumpi denote the output currents
in the unipolar, saturation, and ambipolar region, respectively. V4 is the threshold
voltage, and the subscripts 1 and 2 stand for electron and hole for Vi > 0 case,

respectively, and vice versa for Vy <0 case.
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2.3.4 Band structure discussion

Gate
0 X1 Xy L

Figure 2.6 Band structure description of ambipolar transport. (a) Schematic of the
device at high Vs during ambipolar transport, and (b) energy bands throughout the

channel. The dotted line indicates the Fermi level.

The ambipolar transport phenomenon is explained in depth through the band
structure description. Figure 2.6a shows the distribution of electron and hole
concentrations during ambipolar transport regime, with the level of current flow
described by equation (2.3). Here, the small lateral electric field is mentioned so that
the lateral field does not actively participate in the transport phenomenon, whereas
it is the primary factor or avalanche multiplication discussed in the next chapter.
Assuming a uniform channel resistance without consideration of defects and

interface traps, the voltage across the channel can be modeled as a linear function
V) =Y+ Va— W) (2.4)
where V, and V; are the voltages applied to the source and drain electrode,
respectively, and x is the distance from the source electrode. Electron concentration
at position x is then determined by
n(x) = Ci{Vy err — Vinel/e (2.5)

where e is the electron charge and Vy s =V, — V(x) is effective gate voltage at

;ﬁ'! X
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each position. Electrons are accumulated near the source electrode but decrease in
concentration along the channel. Near the middle of the channel where V(x) =V, —
Vine, electrons are totally depleted. However, close to the drain electrode, Vg orf
becomes negative and eventually reaches the condition Vy o¢r < Vipp. From this
position of V or¢ < Vip p, holes start accumulating and hole concentration becomes
larger toward the drain electrode.’ In this region, the hole concentration can be
determined similarly to electron-rich region as

p() = C{Venp = Vgerr}/e = Ci{=Vy + Venp + V(0)}/e (2.6)

The corresponding energy band diagram in the channel is described in Figure

2.6b, where the regions I, 11, and III represent electron-rich, depletion, and hole-rich
regions, respectively. The preceding analysis of charge carrier density with respect
to position can be represented with varying Fermi level Epr. At each position in the

channel, Er can be expressed in terms of either n or p as

Ep = E; +kTIn (ni) =E, —kTIn (nﬁ) 2.7)
where FE; is the intrinsic Fermi level, #; is the intrinsic carrier concentration, & is the
Boltzmann constant, and 7 is the temperature.

By substituting the previously acquired formulas for n(x) and p(x), Eg

near each end of the channel is expressed as

Region 1 (0 < x < x;): Ep = E; + kT In [w] (2.8)
where V(x1) =V, — Vipe
Ci{ —Vg+Venn+V ()}
Region Il (x, < x < L): Ep = E; — kT In — (2.9)
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where V(x3) =V, — Vipp

In region II (x; < x < x;), the effective gate voltage is between Vi, . and
Vinn such that both charge carriers are below the threshold. In this case, n and p

are determined by the subthreshold diffusion model as

- 2
n =n; exp (W) and p = % (2.10)

where 7 is the subthreshold ideality factor, leading to Ep = E; + e{l{g —V()}/n.

The Fermi level throughout the channel is drawn as a dotted curve in Figure 2.6b.
The modulation of Vg . near drain electrode also affects the band bending at the
channel-electrode interface. As the Fermi level moves downward close to the valence
band, the Schottky barrier is also reduced significantly, as illustrated by the green

arrow.

2.3.5 Gate-bias dependence of ambipolar transport
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Figure 2.7 (a) Comparison of ambipolar transport in low and high gate bias. (b, ¢)
Band structure description of the transition from unipolar to ambipolar regime in

(b) low gate bias and (c) high gate bias.
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The ambipolar current discussed in the previous sections, described by equations
(2.3) and (2.9), contain the dependency on the gate voltage. Figure 2.7 illustrates the
transition from saturation to ambipolar transport for two cases of low—V, condition
and high—V, condition. In region A, both cases are in the saturation region, and only
electrons act as majority charge carriers. More current flows in the high—V, case
because it has higher concentration of electrons. As Vs is increased and enters region
B, holes start to be accumulated in the drain side of the low—V/, case, due to lowering
of effective gate voltage. Meanwhile in the high—V, case, the V; was too high for
holes to be injected though the barrier at this point. Hence, ambipolar transport does
not begin in the high—V; case. In region C, hole injection occurs in both cases, but
the ambipolar current is much greater in the low—V, case because the effective gate
at the drain side is more negative. In total, the ambipolar transport is manifested as a

crossing and reversal between the output curves of different gate voltages.

2.4. Conclusion

In this chapter, the phenomenon of ambipolar transport in WSe, FETs was analyzed.
Ambipolar transport is induced when the drain-source voltage exceeds the gate bias,
so that the effective gate voltage near the drain electrode is reversed to the opposite
polarity. When high lateral voltages were applied, the output curves of WSe; FETs
exhibited the characteristic features of ambipolar transport referred to as three
distinct transport regimes of triode, saturation and non-linear regions, in both
directions from n-type to p-type and vice versa. Moreover, the critical voltages for
non-linear current shifted in proportion with the modulation of gate bias, which
serves as direct evidence of ambipolar transport. Charge carrier distribution and band
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structure description were utilized to explain the current—voltage characteristics, as
well as the effect of gate bias on the critical voltage. These results show that
ambipolar transport can be observed in a simple 2D FET device structure, even with
a gate oxide with low dielectric constant, suggesting the versatile utilization of the

phenomenon using 2D channels.
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Chapter 3. Channel-length-modulated avalanche
multiplication in WSez FETs

In this chapter, the properties of avalanche multiplication inside the WSe; channel
were investigated. As discussed in the last chapter, WSe; is a material that can easily
support electrons or holes as the majority charge carrier through electrostatic gating,
and this tendency allows ambipolar transport to take place with suitably large
voltage applied to the drain electrode. However, to study the physics of avalanche
multiplication, ambipolar transport must be suppressed in the channel. I separated
the two competing phenomena by the modulation of channel length, where devices
with shorter channels allowed avalanche multiplication to dominate through high
lateral field throughout the channel. Other possible origins of secondary current in
short-channel devices such as Joule heating or current crowding are systematically
analyzed. I provide evidence of avalanche multiplication taking place in the channel
by observing channel length dependency and gate bias stability, and examined the
ionization rates of electrons and holes with the use of suitable approximations on
basic theories of avalanche multiplication. Holes were found to have higher
ionization rates in WSe; than electrons, which agrees with the smaller breakdown
voltage observed for holes. The results were also compared to 3D semiconductors in

terms of band gap analysis.

3.1. Introduction

Avalanche multiplication is a process where highly accelerated charge carriers
collide with atoms and break free valence electrons to create additional electron-hole
pairs in a chain reaction' and has been utilized in ultrasensitive optoelectronic
devices such as avalanche photodiodes and even single-photon avalanche detectors.?
Moreover, device architectures such as impact ionization transistors have been

realized to overcome the fundamental thermionic limit of transistors.>”> Recently,
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avalanche photodetectors and transistors utilizing 2D materials as active channels
have been reported, and some of them exhibited ultrahigh performance,**!3 which
signifies the need for a deeper analysis of the fundamental physics and transport
mechanism of avalanche multiplication in 2D materials. Although previous studies
have examined the multiplication phenomenon, the experiments mainly focused on
devising high-performance photodetectors, and the carrier type was limited to
unipolar transport. However, implementing avalanche multiplication in ambipolar
devices may provide another way toward high-performance electronics, and a
detailed analysis of avalanche multiplication in ambipolar materials is highly desired.

In three-dimensional (3D) semiconductors, the impact ionization rates of
electrons and holes are generally different from each other.!'*'® However, while
ambipolar 2D materials such as WSe, are well known for their simple carrier type
tuning via electrostatic gating in a field-effect transistor (FET) structure, the
coexistence of both charge carriers in the channel hinders the separate analysis of
multiplication by each charge carrier. Hence, there has been very little research in
determining the impact ionization rates of ambipolar 2D materials. In this study, I
investigated the multiplicative characteristics of ambipolar WSe, FETs by
suppressing ambipolar transport and only allowing avalanche multiplication to occur
in the channel. This was done through the method of channel length modulation,
where devices with longer channels were subject to ambipolar transport due to the
large voltage applied to the drain, while devices with shorter channels went through
avalanche multiplication due to the high lateral electric field in the channel. Other
phenomena that may result in similar current—voltage relations such as Joule heating

and current crowding effect are systematically considered. I analyzed the properties
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of avalanche multiplication such as multiplication factor and breakdown voltage, and
successfully compared the ionization rates of electrons and holes. Finally, method of
selectively engineering the two different phenomena of ambipolar transport and
avalanche multiplication is proposed, utilizing the intrinsic multiplication rates of

the channel material and dielectric constant of the gate dielectric material.

3.2. Experiments
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Figure 3.1 (a) Optical image and (b) transfer curves of the WSe, FETs of various

channel lengths.

To investigate the properties of avalanche multiplication occurring in WSe, channel,
FET devices with short channel lengths were fabricated. Figure 3.1a shows a field-
emission scanning electron microscopy (FE—SEM) image of five independent
devices made on a single multilayer WSe; flake with a thickness of 8 nm, each with
a channel length of 0.31, 0.5, 0.79, 0.94, and 1.32 um, respectively. The device
fabrication process is the same as that described in Section 2.2.1. Figure 3.1b

illustrates the transfer curves of the five devices, showing that the devices have
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similar electrical characteristics.

3.3. Results and discussion

3.3.1 Channel length dependence of I-V curves
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Figure 3.2 Output curves of different devices at high lateral voltages showing non-
linear transport by avalanche multiplication in (a) hole transport and (b) electron

transport.

Figure 3.2 shows I-V curves of three of the short channel devices under high drain-
source voltages. All of them exhibited triode, saturation, and non-linear transport
regions. Although this behavior is similar to the case of ambipolar transport
discussed in the previous chapter, there are two significant differences that
distinguish the phenomena. First, the onset point of non-linear transport is much
lower than that needed to induce ambipolar transport. Considering the applied gate
voltage (=43 V for holes and 14 V for electrons) and the transfer curves of these
devices shown in Figure 3.1b, nearly 40 V of lateral voltage is needed to cause
ambipolar transport in either charge polarities. However, the non-linear transport

started at voltages lower than 25 V in all cases, and as low as 10 V for devices with
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shortest channel lengths. Therefore, the origin of non-linear transport for these
devices must be a different phenomenon. Secondly, the onset voltages increased in
proportion with channel length, which is unexpected from the analysis of ambipolar
transport because ambipolar transport is only governed by the threshold voltages and
unrelated to channel length of the device.

Considering these results, possible origins of secondary non-linear current
include hot electron injection through Joule heating, current crowding at contacts,
and avalanche multiplication inside the channel. First, Joule heating can cause an
increase of current due to injection of additional electrons induced by broadening of
Boltzmann distribution from the Fermi level. However, this case can be neglected in
the system because the current level is not large enough to generate sufficient amount
of heat required for noticeable hot electron injection. In the output curves in Figure
3.2, the onset of current mostly appeared when the current level is below 100 nA,
with the lateral voltage of ~10 V. Even considering the contact and channel
resistances together, the total electrical power generated in the device is expected to
be at most ~3 uW. To find the total area through which the current is injected, I
assume a transfer length at the contact of ~0.5 um from known values in similar
systems.!”8 Then, the total area including contacts and the channel is ~7.9 pm?,
which yields power per unit area of ~0.38 uW/um? In a multi-layer WSe, FETs
similar to our devices, the temperature dependence on electrical power density was
determined to be ~0.3 K per 1 uW/um?® From this result, the average temperature
increase (AT) at high Vgs limit in our device is estimated to be ~0.11 K. Even if we
consider strong current crowding and assume current injection near the edge to be

ten times the average value, the local temperature increase would be AT ~1 K, which
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is negligible in room temperature measurements.
The possible cases of current crowding and avalanche multiplication are

discussed through the effects of gate voltage.

3.3.2 Gate bias dependence of I-V curves
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Figure 3.3 Output curves of the device of channel length 0.5 pm at various gate

bias in (a) hole transport and (b) electron transport.

Figure 3.3 presents the output curves of a representative device of channel
length L = 0.5 um at various gate voltages. Secondary non-linear current after the
saturation region was observed in all of the measurements. However, contrary to
ambipolar transport occurring in FETs of longer devices, the secondary increase of
current did not begin at different voltages. Instead, the current multiplied at a similar
rate from its saturation value regardless of the gate voltage, as shown by the
multiplication factor (M = I/I,.;) values in the insets of Figure 3.3a and b. This data
rules out current crowding at the contacts. If considerable current crowding was
taking place at the contacts, the behavior of multiplication factor would have

changed with gate voltage since the transfer length varies accordingly.'® Since the
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data is independent of the applied gate voltage, it is more plausible that the
multiplication in the system is caused by avalanche multiplication instead of other
factors such as Joule heating or current crowding at the contacts.

Since the increase of current is due to avalanche multiplication instead of
ambipolar transport, the phenomenon is described through a variable different from
the critical voltage used for ambipolar transport. In the case of avalanche
multiplication, breakdown voltage (/») is defined as the voltage where the current
diverges to infinity. However, because the current through the device is limited to an
extent due to other practical factors, V} is obtained through extrapolation of the
relation between M and V. The comparison between breakdown voltages in these
short-channel devices and critical voltages in the long-channel devices in Chapter 2

are summarized in Figure 3.4.
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Figure 3.4 Comparison of critical voltages (V.-) of long-channel devices and break-
down voltages (V) of short-channel devices, for (a) p-type (negative V) and (b) n-
type (positive V5). Ve, values are represented with blue open circles, while ¥} values

are represented with red filled circles.

29 :



Here, V.. values are represented with blue open circles, while ¥, values are
represented with red filled circles. The fit lines for long-channel devices have slopes
close to 1 (shown in dotted lines), which agrees with the ambipolar transport model
described in the previous chapter. On the other hand, the breakdown voltages of
short-channel devices were not strongly affected by the gate voltage but stayed
nearly constant regardless of the applied V. In an atomically thin channel, the
vertical movement of carriers is negligible, and the magnitude of applied V, has little
effect on the kinetic energy of charge carriers. Hence, modulation of ¥, only changes
the overall carrier concentration but not the multiplicative behavior. Instead, the V5
values increased with channel length, which is an indication that the mechanism of
the observed breakdown phenomenon is related to the lateral electric field in the
channel. This channel length dependency is not observed in V.. values of long-
channel devices, because ambipolar transport is governed only by the threshold
voltages of both polarities, which in turn is affected by the dielectric constant but not
the channel length of the device.

The channel dimensions and thicknesses of the devices included in Figure 3.4

are summarized in Table 3.1 below.

Device Channel Length ~ Channel Width Thickness

(um) (um) (nm)
Long #1 1.35 1.73 0.7
Long #2 32 9.9 0.8
Long #3 8 7.3 16
Short #1 031 2.95 53
Short #2 0.5 3.04 53
Short #3 0.79 3.22 5.3
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Table 3.1 Channel length, width and thickness of the long-channel and short-

channel devices included in Figure 3.4

3.3.3 Band structure discussion
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Figure 3.5 (a) Schematic diagram of the short-channel device in n-type operation

mode showing electron-induced avalanche multiplication in the channel. (b) Band
structure of the device during avalanche multiplication. Fermi level throughout the

channel is drawn with a dotted curve.

The operation of avalanche multiplication is described through charge carrier
distribution and band structure description. Figure 3.5a shows the carrier density
throughout the channel while high lateral voltage (V) is applied. Due to the short
channel length, a high lateral electric field is created at relatively low Vg, enough to
induce avalanche multiplication before reaching the critical voltage for ambipolar
transport. As the large electric field accelerates electrons, they gain enough energy
to knock off bound electrons from atoms upon collision, generating electron-hole
pairs. These newly created charge carriers are subsequently accelerated in opposite
directions and undergo the same operation in a chain reaction, resulting in an

avalanche breakdown.? It is notable that while avalanche multiplication had been
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traditionally studied in p-n junctions based on 3D semiconductors, many reports
have successfully demonstrated the phenomenon and its application in
photodetectors using an FET structure with 2D materials and metal electrodes.?!

It has been previously studied in the case of bulk semiconductors that electrons
and holes generally contribute to impact ionization at different rates.'*'%?* To
accurately determine the ionization rate of each carrier type, many experiments
controlled the initial conditions to allow only unipolar injection in bipolar transistors
or diodes.’>? In my experiment, the unipolar carrier injection was accomplished
through electrostatic gating, which allows only one type of carrier to be injected from
the source electrode. The corresponding band structure is illustrated in Figure 3.5b.
The high electric field in the channel is portrayed as a steep slope the conduction and
valence bands. In the n-type operation where V, > 0, the Fermi level (Er) of the
channel near the source electrode is close to the conduction band minimum, allowing
the injection of electrons. Toward the drain electrode, V, .;is lowered, and pinch-off
occurs similarly to long-channel devices. However, before the drain voltage is
increased enough to induce the accumulation of holes, avalanche multiplication
occurs throughout the channel. Here, the modulation of effective gate voltage is
small, so the band bending at the interface and the height of the Schottky barrier are
reduced by a small amount, as illustrated by the green arrow in Figure 3.5b. Note
that a sharp barrier is drawn at the interface between the channel and the source, in
order to express the high work function of the Pd electrode in comparison to the
energy level of the WSe, channel. However, the barrier is thin enough for electrons
to tunnel through, which can be confirmed through the output curves of these devices

indicating negligible Schottky barrier (shown in Figures 3.2 and 3.3).
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3.3.4 Multiplication factors of electrons and holes

Although the discussion in the previous section has been considering the electron-
initiated avalanche multiplication, the case of multiplication initiated by holes can
be described in a similar manner, with the direction of V4 and V, replaced to negative
values. A direct comparison between the ionization rates of electrons and holes is
possible because WSe; is an ambipolar material and its majority charge carrier
polarity can be easily tuned through electrostatic gating. This section summarizes

the difference between the multiplication factors (M) of electrons and holes.

a b
oF™ ' ' 7 0
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n ~8.82
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i N : 'A ._F..
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In (Vg (V) In (Vg (V)

Figure 3.6 Logarithmic plot of (1-1/M) versus Vg in (a) electron-initiated and (b)

hole-initiated avalanche multiplication. # is the ionization index.

Figure 3.6 illustrates the dependence of the multiplication factor M on lateral
voltage Vs for electrons and holes, which is directly acquired from the /—V
measurements. As briefly mentioned in the Introduction, M is known to follow an

empirical formula,

1 v\
M Vp
where 7 is the ionization index, for conventional semiconductors such as Ge'! and
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Si,'" and also 2D materials such as InSe,® black phosphorus'' and Bi,O,Se.?* In my
experiment, the M values for electrons and holes was independently measured
through controlling unipolar injection via electrostatic gating. Measurements at
various gate voltages show no notable difference between the values of M and the
slope of the graphs, which is anticipated because V, influences only the total number
of charge carriers involved in the carrier multiplication process but not the lateral
field strength that drives the impact ionization in the 2D channel. The average values
of the parameter 7 in electron- and hole-initiated multiplication are determined to be
~8.82 and ~5.01, respectively, for the selected device. However, these values ranged
between 3 and 9 in different devices. Such variance has been previously observed in
Si bipolar junction transistors (BJTs) with values from 2 to 5 and is understood to be
dependent on temperature and doping profile in the case of BJT structure.? In 2D
FET systems, this variance could be affected by interfacial defects between the
channel and the dielectric, which would hinder carrier multiplication due to
increased scattering. Although additional experiments with the control of interfacial
defects (i.e., by using top and bottom hBN encapsulation) would lead to more
reliable results, the values of parameter n observed in WSe, FETs are consistent

within the range of reported values for other 2D semiconductor.®!%-!!
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3.3.5 Breakdown voltage and impact ionization rates
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Figure 3.7 (a) Breakdown voltages as a function of channel length for n-type and
p-type operation modes. The slopes are the breakdown field for electrons (£5.) and
holes (E). (b) Ionization rates () of electrons and holes as a function of inverse

electric field for WSe; in comparison with various materials.

The breakdown voltages (V) with respect to the channel length (L) of various
devices are summarized in Figure 3.7a. The relationship clearly shows a linear
dependence of V, on L. The slopes of the graphs (V,/L = E,) defines the
breakdown field, which is an intrinsic property of the semiconductor material. The
Ey values of electrons and holes deduced from my experiments are ~346 and ~218
kV/cm, respectively, which are comparable to the previously reported values for
MoS;.}

Another important parameter describing the avalanche multiplication
phenomenon in a semiconductor material is the impact ionization rate a, which is
defined as the number of generated electron-hole pairs by an initial charge carrier
per unit distance travelled.”® From the basic model describing the number of

electrons in an electron-initiated multiplication,?® the relationship between M and «
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can be written in the form of

1 w /
1-—= Jy on exp|— fox(an — a,)dx'] dx (3.2)

where a, and o, are ionization rates of electrons and holes, respectively, and W is the
width of the junction where multiplication occurs.

Since the equation (3.2) is difficult to solve analytically, some assumptions are
made to simplify the relation. Under the approximation of a, = a,, which can be

used within a reasonable error range,?’ equation (3.2) can be turned into
1 w
1-—= fo a, dx (3.3)

Also, another approximation is made for uniform electric field within the WSe,

channel, which further simplifies the above equation into

e=3(1-3)

The extracted impact ionization rates of WSe, using the equation (3.4) for
electrons and holes are plotted in Figure 3.7b and compared with reported values of
various conventional materials.?®2° The impact ionization rate is naturally a function
of electric field because the charge carriers can acquire enough kinetic energy to
induce ionization at a shorter distance when the applied field is stronger. The model
widely used in the literature to characterize impact ionization rates is the Shockley

30
L,

model,”® given by

Unp = Qpp EXP (— %) (3.5)

where the subscripts 7 and p represent electrons and holes, respectively, and ay’,

and B, are the ionization coefficients. My data measured from the representative
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WSe; FET are well fitted to the model, as shown by the fit lines (red lines) in Figure

3.7b, with

; 10°
a, =1.08x 10" exp|{ —1.79 X 5

106
a, = 131X 108 exp <—1.08 X T)

The values of a, and a, calculated from other devices are summarized in Table 3.2.

Device ay Bn ay By
A 2.76 X 107 —2.43x10° 1.44x10° —1.23x10°
B 1.08 x 107 —1.79x 10° 1.31x10° —1.08x 10°
C 210X 10® —1.47x10° 4.57x105 —9.81x 10°
D 1.75% 10® —1.34 x 10°
E 290 % 10° —1.77 x 10°
F 2.05x10° —7.59x 10°

Table 3.2 Measured parameters of impact ionization rates in several WSe, FETs

The obtained ionization rates of WSe: can be understood through the band gap
analysis of avalanche multiplication in 3D materials. From the band-to-band
ionization model, materials with higher band gap requires a higher electric field to
initiate impact ionization, and the data from the previously reported bulk materials
follow this trend as shown in Figure 3.7b. Few-layer WSe; with a band gap (~1.2 eV)
similar to Si (1.12 eV) has ionization rates close to Si in the evaluated range. Note
that the S values (i.e., the slope of the graphs in Figure 3.7b) of WSe, are found to

be similar to those of conventional 3D materials. However, there has been little
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research that has explicitly evaluated the ionization rates of 2D materials to
determine if there is a fundamental difference in ionization rates of 2D from those of
bulk materials.

Another noticeable feature is the relative magnitude of ionization rates of
electrons and holes. The ionization rate of electrons in WSe; is lower than that of
holes, similar to most bulk materials, whereas the opposite is true for Si. This result
is in agreement with the breakdown fields obtained in Figure 3.7a, because electrons
would require higher electric field to initiate avalanche breakdown due to their lower
ionization rates than holes. A fundamental reason behind this discrepancy is not
clearly understood, but combined effects of effective mass, mean free path of carriers,
and also the shape of the band near the band gap are expected to influence the

ionization rates.?>3!

Further studies on impact ionization in other semiconductors are
desired for understanding the precise physics that determine the ionization rates of

electrons and holes.

3.3.6 Selective engineering of ambipolar transport and avalanche
multiplication

Lastly, I propose a method for selectively engineering the two competing phenomena
of ambipolar transport and avalanche multiplication. Based on the results of gate-
dependent measurements in Figure 3.4, the transition length between the two
phenomena is shown to be approximately 1 pm for the system under consideration.
This value is affected by the dielectric constant, because the gate window between
threshold voltages of electrons and holes will be reduced with higher dielectric

constant x. Then, ambipolar transport will begin at a smaller lateral voltage*? while
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avalanche multiplication is unaffected by such modification of gate dielectric, thus
shortening the transition length. In the opposite manner, using low-« dielectric will

increase the transition length, because ambipolar transport is suppressed.

Channel
length 1 :
material with Ambipolar
higher ionization dominant
rates
WSe,
This work
1TuM S R
Ideal corner
Avalanche High-K &
dominant | nm-scale
13 nF/em? Dielectric

(270 nm Si0,) capacitance

Figure 3.8 Illustration of dominant phenomenon between avalanche multiplication
and ambipolar transport under varying conditions of channel length and dielectric

capacitance.

This balance between the two phenomena is summarized in Figure 3.8, where
both axes are drawn qualitatively in logarithmic scale. The transition point moves
along the dotted line drawn for WSe,, with the length inversely proportional to the
dielectric capacitance. Meanwhile, changing the channel material will move the
boundary line itself, because the breakdown voltage and gate threshold window will
be different for other materials.

It may be useful to combine both phenomena together in a more complex device

configuration, taking advantage of simultaneous injection and flow of both charge
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carriers (ambipolar transport) and intrinsic carrier multiplication inside the channel
(avalanche multiplication). To utilize such balance of avalanche multiplication and
ambipolar transport for engineering purposes, it is best to choose the channel length
and the gate dielectric constant in the green region in Figure 3.8. In this region, the
channel length is very short, and the dielectric constant is large. Requiring only small
voltages to induce either phenomenon. this is the most suitable condition to realize

low-power electronics.

3.4. Conclusion

In this chapter, avalanche multiplication in few-layer WSe, FETs is examined from
the non-linear transport at high lateral voltages. Other possible origins such as hot
electron injection from Joule heating and current crowding at the contacts are
systematically analyzed and eliminated. There were similarities in current—voltage
characteristics with respect to ambipolar transport, showing triode, saturation and
non-linear regions. In order to distinguish between avalanche multiplication and
ambipolar transport, the method of channel length modulation was proposed.
Devices with shorter channels exhibited avalanche multiplication because the
lateral electric field was large enough to cause impact ionization, while devices with
longer channels exhibited ambipolar transport because of the reversal of effective
gate voltage near the drain electrode. The two competing phenomena were
characterized by the dependency of critical & breakdown voltage with respect to gate
bias, where ambipolar transport showed linear dependency but avalanche
multiplication showed negligible correlation with the gate bias.
Following the distinction of avalanche multiplication from other phenomena, the
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impact ionization rates of electrons and holes in WSe, were separately investigated
through limiting the initial conditions to unipolar carrier injection by electrostatic
gating. The ionization rates of electrons were found to be smaller than holes in the
studied range but had greater dependence on the applied electric field. The
comparison of breakdown voltages coincided with the result, showing larger
breakdown voltages of electrons than holes. The observed differences in the
multiplicative properties between electrons and holes call for further studies on the
fundamental mechanism of field-induced carrier multiplication process in 2D

materials.
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Chapter 4. Summary

In this thesis, I devised a simple and robust method of channel length modulation to
distinguish the two contrasting phenomena of ambipolar transport and avalanche
multiplication in WSe, FETs, both of which can take place in FETs with ambipolar
2D channel materials in general. The key insight is that ambipolar transport is
governed by the voltage difference between drain and gate electrodes, while
avalanche multiplication is induced by strong lateral electric field in the channel.
Hence, devices with longer channels exhibited ambipolar transport characteristics,
while avalanche multiplication was dominant in devices with shorter channels.

In the first part, I analyzed ambipolar transport in long-channel devices, which
was characterized by the linear shift of the critical voltage in proportion with the
modulation of gate bias, as well as the parabolic shape of the secondary current. The
three distinct transport regimes were explained with charge carrier distribution
throughout the channel at each of the ranges of drain-source voltage. The working
mechanism of the phenomenon is discussed through the band alignment and the
energy levels in the channel.

In the second part, I examined the avalanche multiplication phenomenon in
WSe: FETs. In order to suppress ambipolar transport while obtaining high lateral
electric field enough to induce impact ionization, very short channel lengths of less
than 1 um were required. Other than the two competing phenomena, possible origins
of secondary rise of current such as Joule heating and current crowding were
systematically discussed and eliminated. The linear dependence of breakdown

voltage on channel length yielding a common, intrinsic breakdown field was given
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as the decisive criterion for avalanche multiplication. The contrasting results from
ambipolar transport were discussed through the band structure description. Once
avalanche multiplication was successfully distinguished from other phenomena, the
impact ionization rates of electrons and holes in WSe, were compared. Ionization
rates of holes were found to be higher than electrons, which coincided with the lower
breakdown voltage of holes compared to electrons. Finally, I analyzed the relative
dominance between ambipolar transport and avalanche multiplication in a WSe, FET
system with varying channel length and dielectric capacitance. Ambipolar transport
was dominant towards longer channel and higher dielectric constant, and avalanche
multiplication vice versa. From this balance, I proposed a method of selectively
engineering the two competing phenomena of ambipolar transport and avalanche
multiplication through a careful choice of the channel and dielectric materials.
Ambipolar transport and avalanche multiplication are two completely different
phenomena, and research interests in both fields are showing a steady increase in the
past few years, especially using 2D materials as the active channel. The occurrence
of both phenomena in an identical 2D FET system can be misleading if not examined
thoroughly, but it can also turn into an opportunity of integrating both phenomena
for applications with a simple device structure and low-cost fabrication process.
Hence, the method of discriminating the two phenomena through channel length
modulation proposed in this thesis could serve as an efficient tool for developing

high-performance and novel device architectures with ambipolar 2D materials.
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