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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 



 

ii 

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, I 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 WSe2 FETs. 

First, I investigated ambipolar transport in WSe2 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 WSe2 FETs, I 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. I also 

discuss the working mechanism of the phenomenon through charge carrier 

distribution and band structure description of the system. 

Next, I analyzed avalanche multiplication in WSe2 FETs, which occurs in 

devices with shorter channel lengths. Here, the lateral electric field is much higher 
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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, I extracted and compared the ionization rates 

of electrons and holes through the analysis of multiplication factors and breakdown 

voltages. Ionization rates of hole were found to be higher than electrons, in 

agreement with the result of lower breakdown voltage of holes than electrons. Finally, 

I 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.  
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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.1-3 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.4,5 

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.6 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.7 Out of the many 

combinations of transition metals and chalcogens, MoS2 and WSe2 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, 
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that the band structure changes greatly as the thickness is varied.8 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, MoS2 has a band gap of ~1.2 eV at bulk, but its optoelectronic band 

gap increases to ~1.87 eV at monolayer, while WSe2 changes from ~1 eV at bulk to 

~1.65 eV at monolayer.9 While the naturally generated sulfur vacancies act as 

electron donors in MoS2 allowing only an n-type behavior in most of the cases, the 

Fermi level of WSe2 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 WSe2 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.10,11 

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.12 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.13,14 The rich 

possibilities of TMDC materials has been demonstrated in a plethora of device 

applications from biosensors,15 LEDs,16 to neuromorphic devices.17,18 

There are, however, challenges to overcome for the device application of 
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TMDCs 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.19-21 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.22 The magnitude of electric field 

required to induce avalanche multiplication varies with the material in question, but 

is usually in the order of 105 ~ 106 V/cm.23 

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 
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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).24 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.25 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 
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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 WSe2 FETs 

 

In this chapter, I will discuss the ambipolar transport phenomenon that occurs in 

WSe2 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. I 

investigated non-linear transport at high lateral voltages in WSe2 FETs, 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.1 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.2 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.3,4 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.5 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.4 For example, MoS2, 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.6 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.7 

 Using an ambipolar material as the channel material, an unusual 

phenomenon can occur when the transistor is operated at high voltages.8 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.9 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 
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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.10 

 

2.2.  Experiments 

2.2.1 Device fabrication 

 

Figure 2.1 Device fabrication process of WSe2 field-effect transistors. 

 

The device fabrication process is illustrated in Figure 2.1. Few-layer WSe2 flakes 

were first transferred onto 270 nm thick SiO2/Si substrate from bulk crystal by 

mechanical exfoliation to fabricate WSe2 FETs. Then, on top of WSe2 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℃ 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 WSe2 FETs were annealed at 

150℃ for 1 h for enhancement of electrical performance. 

 

2.2.2 Optical and electrical characterization. 

Raman and PL spectra of WSe2 crystals were measured using a 532 nm laser with an 

intensity of 30 μW as the excitation source (XperRam 200, Nanobase Inc.). Next, 

the thickness of WSe2 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 

 

Figure 2.2 (a) Optical image, (b) Raman spectrum and (c) transfer curve 
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of the ambipolar WSe2 FET device. 

 

WSe2 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 WSe2 flakes onto a SiO2/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 

WSe2 and form thinner Schottky barrier by metallization of the interface.5 The 

thickness of the WSe2 channel was measured with an atomic force microscope to be 

~9.8 nm. The crystalline quality of WSe2 was further examined using Raman 

spectroscopy (Figure 2.2b). The flakes used in the experiments showed the 

characteristic 𝐸2𝑔
1 , 𝐴1𝑔, and 𝐵2𝑔

1  peak at ~249, ~258, and ~307 cm−1, respectively, 

indicating interlayer vibrational modes in multilayer flakes.11 Figure 2.2c shows the 

transfer curves (drain-source current versus gate voltage, Ids − Vg) of a representative 

WSe2 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 μe = 13.9 cm2/V·s and μh = 37.3 cm2/V·s, 

respectively, using the formula 𝜇 = (
𝜕𝐼𝑑𝑠

𝜕𝑉𝑔
)

𝐿

𝑊𝐶𝑖𝑉𝑑𝑠
 with a channel length (L) = 3.2 

μm, channel width (W) = 9.9 μm, and capacitance per unit area (Ci) = 1.3  10−8 

F/cm2. 
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2.3.2 Current−voltage relation at high lateral voltages 

 

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.12 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, Ids−Vds) 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 

reported in FET systems with various channel materials,8-10, 13,14 and its mechanism 

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

electrode. 

 

 

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.9 To confirm the 

parabolic nature of the ambipolar current, the square root of the secondary current 

(defined as I–Isat) was plotted against Vds 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 Vds – Vcr). 
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2.3.3 Three distinct transport regimes 

 

Figure 2.5 Three distinct transport regimes depending on the Vds range. (a) Output 

curve of the device. (b-d) Illustration of charge carrier density in (b) unipolar 

transport at low Vds, (c) pinch-off saturation at medium Vds, and (d) ambipolar 

transport at high Vds. 

 

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 (Vth).  

As the lateral voltage is increased, the effective gate bias at the channel near the 
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drain electrode, described by Vg_eff = Vds – Vgs, is 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.1 

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. 

 

𝐼𝑢𝑛𝑖 =
𝜇1𝐶𝑖𝑊

𝐿
{(𝑉𝑔 − 𝑉𝑡ℎ,1) −

𝑉𝑑𝑠

2
} 𝑉𝑑𝑠                                  (2.1) 

in unipolar region, where |𝑉𝑑𝑠| ≤ |𝑉𝑔 − 𝑉𝑡ℎ,1|. 

𝐼𝑠𝑎𝑡 =
𝜇1𝐶𝑖𝑊

2𝐿
(𝑉𝑔 − 𝑉𝑡ℎ,1)

2
                                          (2.2) 

in saturation region, where |𝑉𝑔 − 𝑉𝑡ℎ,1| ≤ |𝑉𝑑𝑠| ≤ |𝑉𝑔 − 𝑉𝑡ℎ,2|. 

𝐼𝑎𝑚𝑏𝑖 = 𝐼𝑠𝑎𝑡 +
𝜇2𝐶𝑖𝑊

𝐿
{𝑉𝑑𝑠 − (𝑉𝑔 − 𝑉𝑡ℎ,2)}

2
                             (2.3) 

in ambipolar region, where |𝑉𝑑𝑠| ≥ |𝑉𝑔 − 𝑉𝑡ℎ,2|. 

 

In equations (2.1), (2.2), and (2.3), Iuni, Isat, and Iambi denote the output currents 

in the unipolar, saturation, and ambipolar region, respectively. Vth is the threshold 

voltage, and the subscripts 1 and 2 stand for electron and hole for Vds > 0 case, 

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

 

Figure 2.6 Band structure description of ambipolar transport. (a) Schematic of the 

device at high Vds 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(𝑥) = 𝑉𝑠 +
𝑥

𝐿
(𝑉𝑑 − 𝑉𝑠)                    (2.4) 

where Vs and Vd 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{𝑉𝑔_𝑒𝑓𝑓 − 𝑉𝑡ℎ,𝑒}/𝑒              (2.5) 

where e is the electron charge and 𝑉𝑔_𝑒𝑓𝑓 = 𝑉𝑔 − 𝑉(𝑥) is effective gate voltage at 
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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) ≅ 𝑉𝑔 −

𝑉𝑡ℎ,𝑒, electrons are totally depleted. However, close to the drain electrode, 𝑉𝑔_𝑒𝑓𝑓 

becomes negative and eventually reaches the condition 𝑉𝑔_𝑒𝑓𝑓 < 𝑉𝑡ℎ,ℎ. From this 

position of 𝑉𝑔_𝑒𝑓𝑓 < 𝑉𝑡ℎ,ℎ, holes start accumulating and hole concentration becomes 

larger toward the drain electrode.9 In this region, the hole concentration can be 

determined similarly to electron-rich region as 

𝑝(𝑥) = 𝐶𝑖{𝑉𝑡ℎ,ℎ − 𝑉𝑔_𝑒𝑓𝑓}/𝑒 = 𝐶𝑖{−𝑉𝑔 + 𝑉𝑡ℎ,ℎ + 𝑉(𝑥)}/𝑒        (2.6) 

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

2.6b, where the regions I, II, 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 𝐸𝐹. At each position in the 

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

𝐸𝐹 = 𝐸𝑖 + 𝑘𝑇 ln (
𝑛

𝑛𝑖
) = 𝐸𝑖 − 𝑘𝑇 ln (

𝑝

𝑛𝑖
)        (2.7) 

where Ei is the intrinsic Fermi level, ni is the intrinsic carrier concentration, k is the 

Boltzmann constant, and T is the temperature. 

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

near each end of the channel is expressed as 

 

Region I (0 < 𝑥 < 𝑥1): 𝐸𝐹 = 𝐸𝑖 + 𝑘𝑇 ln [
𝐶𝑖{𝑉𝑔−𝑉𝑡ℎ,𝑒−𝑉(𝑥)}

𝑛𝑖𝑒
]       (2.8) 

where 𝑉(𝑥1) = 𝑉𝑔 − 𝑉𝑡ℎ,𝑒 

Region III (𝑥2 < 𝑥 < 𝐿): 𝐸𝐹 = 𝐸𝑖 − 𝑘𝑇 ln [
𝐶𝑖{−𝑉𝑔+𝑉𝑡ℎ,ℎ+𝑉(𝑥)}

𝑛𝑖𝑒
]       (2.9) 
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where 𝑉(𝑥2) = 𝑉𝑔 − 𝑉𝑡ℎ,ℎ 

 

In region II (𝑥1 < 𝑥 < 𝑥2 ), the effective gate voltage is between 𝑉𝑡ℎ,𝑒  and 

𝑉𝑡ℎ,ℎ such that both charge carriers are below the threshold. In this case, 𝑛 and 𝑝 

are determined by the subthreshold diffusion model as 

𝑛 = 𝑛𝑖 exp (
𝑒{𝑉𝑔−𝑉(𝑥)}

𝜂𝑘𝑇
) and 𝑝 =

𝑛𝑖
2

𝑛
              (2.10) 

where  is the subthreshold ideality factor, leading to 𝐸𝐹 = 𝐸𝑖 + 𝑒{𝑉𝑔 − 𝑉(𝑥)}/𝜂. 

The Fermi level throughout the channel is drawn as a dotted curve in Figure 2.6b. 

The modulation of Vg_eff 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 

 

Figure 2.7 (a) Comparison of ambipolar transport in low and high gate bias. (b, c) 

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−Vg condition 

and high−Vg 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−Vg case 

because it has higher concentration of electrons. As Vds is increased and enters region 

B, holes start to be accumulated in the drain side of the low−Vg case, due to lowering 

of effective gate voltage. Meanwhile in the high−Vg case, the Vg was too high for 

holes to be injected though the barrier at this point. Hence, ambipolar transport does 

not begin in the high−Vg case. In region C, hole injection occurs in both cases, but 

the ambipolar current is much greater in the low−Vg 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 WSe2 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 WSe2 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 WSe2 FETs 

 

In this chapter, the properties of avalanche multiplication inside the WSe2 channel 

were investigated. As discussed in the last chapter, WSe2 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 WSe2 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 reaction1 and has been utilized in ultrasensitive optoelectronic 

devices such as avalanche photodiodes and even single-photon avalanche detectors.2 

Moreover, device architectures such as impact ionization transistors have been 

realized to overcome the fundamental thermionic limit of transistors.3-5 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,4,6-13 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.1,14-16 However, while 

ambipolar 2D materials such as WSe2 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 WSe2 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 

 

Figure 3.1 (a) Optical image and (b) transfer curves of the WSe2 FETs of various 

channel lengths. 

 

To investigate the properties of avalanche multiplication occurring in WSe2 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 WSe2 flake with a thickness of 8 nm, each with 

a channel length of 0.31, 0.5, 0.79, 0.94, and 1.32 μm, 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 

 

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 μW. To find the total area through which the current is injected, I 

assume a transfer length at the contact of ~0.5 μm from known values in similar 

systems.17,18 Then, the total area including contacts and the channel is ~7.9 μm2, 

which yields power per unit area of ~0.38 μW/μm2. In a multi-layer WSe2 FETs 

similar to our devices, the temperature dependence on electrical power density was 

determined to be ~0.3 K per 1 μW/μm2.19 From this result, the average temperature 

increase (ΔT) at high Vds 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 ΔT ~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 

 

Figure 3.3 Output curves of the device of channel length 0.5 μm 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 μm 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/Isat) 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.18 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 (Vb) 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, Vb is obtained through extrapolation of the 

relation between M and Vds. 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. 

 

 

Figure 3.4 Comparison of critical voltages (Vcr) of long-channel devices and break-

down voltages (Vb) of short-channel devices, for (a) p-type (negative Vg) and (b) n-

type (positive Vg). Vcr values are represented with blue open circles, while Vb values 

are represented with red filled circles. 
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Here, Vcr values are represented with blue open circles, while Vb 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 Vg. In an atomically thin channel, the 

vertical movement of carriers is negligible, and the magnitude of applied Vg has little 

effect on the kinetic energy of charge carriers. Hence, modulation of Vg only changes 

the overall carrier concentration but not the multiplicative behavior. Instead, the Vb 

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 Vcr 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. 
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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 

 

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 (Vds) is applied. Due to the short 

channel length, a high lateral electric field is created at relatively low Vds, 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.20 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.21 

   It has been previously studied in the case of bulk semiconductors that electrons 

and holes generally contribute to impact ionization at different rates.14-16,22 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.22,23 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 Vg > 0, the Fermi level (EF) of the 

channel near the source electrode is close to the conduction band minimum, allowing 

the injection of electrons. Toward the drain electrode, Vg_eff 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 WSe2 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 Vds and Vg replaced to negative 

values. A direct comparison between the ionization rates of electrons and holes is 

possible because WSe2 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. 

 

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

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

 

    Figure 3.6 illustrates the dependence of the multiplication factor M on lateral 

voltage Vds for electrons and holes, which is directly acquired from the I−V 

measurements. As briefly mentioned in the Introduction, M is known to follow an 

empirical formula, 

1 −
1

𝑀
= (

𝑉

𝑉𝑏
)

𝑛
                      (3.1) 

where n is the ionization index, for conventional semiconductors such as Ge1 and 
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Si,14 and also 2D materials such as InSe,6 black phosphorus11 and Bi2O2Se.24 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 Vg 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 n 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.25 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 WSe2 FETs are consistent 

within the range of reported values for other 2D semiconductor.6,10-11 
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3.3.5 Breakdown voltage and impact ionization rates 

 

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 (Eb,e) and 

holes (Eb,h). (b) Ionization rates (α) of electrons and holes as a function of inverse 

electric field for WSe2 in comparison with various materials. 

 

The breakdown voltages (Vb) with respect to the channel length (L) of various 

devices are summarized in Figure 3.7a. The relationship clearly shows a linear 

dependence of Vb on L. The slopes of the graphs (𝑉𝑏/𝐿 = 𝐸𝑏)  defines the 

breakdown field, which is an intrinsic property of the semiconductor material. The 

Eb 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 

MoS2.9 

    Another important parameter describing the avalanche multiplication 

phenomenon in a semiconductor material is the impact ionization rate α, which is 

defined as the number of generated electron-hole pairs by an initial charge carrier 

per unit distance travelled.26 From the basic model describing the number of 

electrons in an electron-initiated multiplication,20 the relationship between M and α 
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can be written in the form of 

1 −
1

𝑀
= ∫ 𝛼𝑛 exp[− ∫ (𝛼𝑛 − 𝛼𝑝)𝑑𝑥′

𝑥

0
] 𝑑𝑥

𝑊

0
         (3.2) 

where αn and αp 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 𝛼𝑛 = 𝛼𝑝, which can be 

used within a reasonable error range,27 equation (3.2) can be turned into 

1 −
1

𝑀
= ∫ 𝛼𝑛 𝑑𝑥

𝑊

0
                     (3.3) 

Also, another approximation is made for uniform electric field within the WSe2 

channel, which further simplifies the above equation into 

𝛼 =
1

𝐿
(1 −

1

𝑀
 )                 (3.4) 

The extracted impact ionization rates of WSe2 using the equation (3.4) for 

electrons and holes are plotted in Figure 3.7b and compared with reported values of 

various conventional materials.28,29 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 

model,30 given by 

𝛼𝑛,𝑝 = 𝛼𝑛,𝑝
∞ exp (−

𝛽𝑛,𝑝

𝐸
)        (3.5) 

where the subscripts n and p represent electrons and holes, respectively, and 𝛼𝑛,𝑝
∞  

and 𝛽𝑛,𝑝 are the ionization coefficients. My data measured from the representative 
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WSe2 FET are well fitted to the model, as shown by the fit lines (red lines) in Figure 

3.7b, with 

𝛼𝑛 = 1.08 × 107 exp (−1.79 ×
106

𝐸
) 

𝛼𝑝 = 1.31 × 106 exp (−1.08 ×
106

𝐸
) 

The values of αn and αp calculated from other devices are summarized in Table 3.2. 

 

 

Table 3.2 Measured parameters of impact ionization rates in several WSe2 FETs 

 

The obtained ionization rates of WSe2 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 WSe2 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 β values (i.e., the slope of the graphs in Figure 3.7b) of WSe2 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 WSe2 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.22,31 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 μm 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 κ. Then, ambipolar transport will begin at a smaller lateral voltage32 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-κ dielectric will 

increase the transition length, because ambipolar transport is suppressed. 

 

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 WSe2, 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 WSe2 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 WSe2 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 WSe2 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 

WSe2 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 μm 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 WSe2 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 WSe2 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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국문초록 

양극성 전이금속 칼코겐화합물 기반 

전계효과 트랜지스터에서의 아발란치 

증폭 현상 연구 

 
 

김재영 

서울대학교 물리천문학부 

 

이차원 물질은 차세대 반도체 기술로 각광받고 있는 물질군 중 하나이다. 

높은 전하이동도와 조절가능한 밴드 갭, 그리고 단원자 두께까지 

유지되는 균일한 구조 등의 장점으로 인해 이차원 물질들은 트랜지스터, 

광검출기, 센서, 나아가 뉴로모픽 소자까지 다양한 분야에서 활발하게 

연구되고 있다. 최근 광전자학 분야에서의 잠재력에 힘입어 아발란치 

증폭을 이차원 물질에 도입하는 연구들이 보고되고 있다. 기존 연구들은 

주로 재료 물질과 소자 구조를 최적화하는 데 초점을 두고 있고, 그 

결과로 적외선부터 자외선 영역까지 다양한 파장대의 고감도 광검출기를 

구현하는데 성공하였다. 그러나 대부분의 분석은 상용화된 삼차원 

물질에 대한 이론을 바탕으로 하고 있으며, 소자 성능 향상 및 새로운 

소자구조 개발을 위해서는 이차원 물질에서의 아발란치 증폭에 대한 

보다 근본적인 연구가 필수적이다. 

    가장 핵심이 되는 문제 중 하나는 전자와 양공의 충돌 이온화율에 

대한 비교이다. 상용화된 삼차원 물질 대부분에 대해서는 이 두 값이 

서로 다르다는 것이 알려져 있고, 물질에 따라서도 그 비율이 다르다. 

그러나 이차원 물질에서 이 물리량들을 비교하는 연구는 아직까지 거의 

보고된 바 없다. 동일한 물질 내에서 두 전하 운반자의 충돌 이온화율을 

탐구하려면, 해당 물질은 각 전하 운반자의 흐름을 허용할 수 있도록 
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조절 가능해야 하고, 다시 말해 양극성 물질이어야 한다. 양극성 이차원 

물질은 정전기적 게이팅을 통해 손쉽게 다수 캐리어를 전환할 수 있다는 

장점이 있지만, 한 물질 내에 동시에 두 캐리어를 허용함으로 인해 

각각이 아발란치 증폭에 미치는 영향을 분석하는 데 있어 내재적인 

어려움이 있다. 양극성 전계효과 트랜지스터에서는 양극성 수송과 

아발란치 증폭의 두 가지 현상이 일어날 수 있는데, 두 현상 모두 

고전압에서 출력 특성곡선의 전류가 재차 증가하는 모습을 보인다. 본 

연구에서는 채널 길이 조절 방법을 통해 이 두 현상을 분리하였고, 

양극성 물질인 WSe2 전계효과 트랜지스터에서 전자 혹은 양공으로 

개시된 아발란치 증폭의 성질을 성공적으로 비교하였다. 

    본 연구에서는 먼저 상대적으로 긴 채널 길이의 소자에서 나타나는 

양극성 수송을 분석하였다. 양극성 수송은 전자와 양공이 채널 안에서 

동시에 흐르며 총 전류에 기여하는 현상이다. 이 현상은 드레인 전압이 

게이트 전압을 넘어서며, 드레인 전극 주변의 채널에서 국소적으로 

게이팅 방향이 뒤바뀔 때 일어난다. WSe2 전계효과 트랜지스터에서 위 

현상이 나타남을 확인하기 위해, 다양한 게이트 전압 조건에서 고전압 

측정을 수행하였다. 이차적인 전류가 시작되는 임계점은 게이트 전압 

변화에 따라 함께 변하였으며, 이는 양극성 수송 모형에 대한 직접적인 

증거로 볼 수 있다. 또한 전하 운반자 분포와 밴드구조 묘사를 통해 위 

현상의 작동원리를 논하였다. 

    다음으로, 상대적으로 짧은 채널 길이의 소자에서 나타나는 

아발란치 증폭을 분석하였다. 여기서는 긴 채널 소자에 비해 측면 

방향의 전기장이 매우 강하고, 따라서 양극성 수송의 임계점에 도달하기 

전에 높은 전기장으로 인한 아발란치 증폭이 일어날 수 있다. 여러 채널 

길이의 소자를 측정한 결과에서는 항복 전압과 채널 길이 사이의 분명한 

상관관계가 나타났으며, 이 관계에서 아발란치 증폭 모형으로 설명되는 

내재적인 항복 전기장 값을 도출할 수 있었다. 역시 밴드구조 묘사를 

활용하여 이전 장에서의 결과와의 차이를 설명하였다. 또한 증폭 계수와 
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항복 전압 간의 관계를 분석함으로, 연구의 핵심 목표였던 전자와 

양공의 충돌 이온화율을 도출하고 비교하였다. 양공의 충돌 이온화율이 

전자보다 높았으며, 이 결과는 양공의 항복 전압이 더 낮게 나타난 것과 

일치한다. 마지막으로, 채널 물질과 유전체를 세심하게 선택함으로써 

서로 경쟁 관계에 있는 양극성 수송과 아발란치 증폭을 선택적으로 

활용할 수 있는 방법을 제시하였다. 

    본 연구의 핵심 의의는 서로 유사해 보이는 양극성 수송과 아발란치 

증폭을 분리하고 정밀히 분석할 수 있는 간단하면서도 탄탄한 방법을 

고안한 데 있다. 이차원 물질의 상용화가 가까워지고 있고, 두 현상에 

대한 연구들도 점점 확장되어 가는 시점에, 본 연구는 양극성 수송과 

아발란치 증폭을 활용하는 참신한 구조와 고성능의 소자 개발에 기여할 

것이다. 
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은 열정이 넘치는 도전의 장보다는, 끝이 보이지 않는 어두운 터널이자 

망망대해 한가운데 홀로 표류한 것처럼 느껴졌던 시간이 훨씬 길었던 것 

같습니다. 한 번의 연구실 변경과 이어진 주제 폐기, 이후로도 긴 시간 

동안 계속해서 예상치 못한 방향으로 흘러가는 연구. 주변 사람들은 다

들 논문 한 편은 냈던 연차가 1년 2년 지나면 지날수록 실패감과 무력감

이 한없이 쌓여만 갔고, 진지하게 자퇴를 고민하기도 했습니다. 그러나 

오히려 그런 시간이었기 때문에 저는 제가 뛰어나서 학위를 받는다기보

다는 감사할 것밖에 없다고 느낍니다. 제게 있어 대학원이라는 장소는 

인내와 겸손, 감사와 주변 이들에 대한 소중함을 가르쳐 주는 곳이었습

니다. 참으로 오랫동안 저의 옆을 지켜주고, 위로해 주고, 지탱해 준 분

들이 아니었더라면 이 경주를 끝내지 못했을 것입니다. 

가장 먼저, 세상에 둘도 없는 최고의 부모님께 진심으로 감사드립니

다. 어떤 고민을 털어놓아도 귀 기울이고 위로해 주신, 그리고 어떤 상황

에서도 엄마는 네 편이라고 말해 주시던 우리 엄마. 피곤할 때면 부탁하

지 않아도 왕복 두 시간이 넘는 거리를 차로 수없이 많이 태워 주신, 표

현은 잘 하지 않으면서도 묵묵하게 항상 앞서 챙겨 주신 우리 아빠. 철

부지 아들을 말로 다 표현할 수 없이 사랑해 주시는 두 분이 계셨기에 

주말마다 올라가는 집이 마음의 안식처였고, 끝끝내 여기까지 올 수 있

었습니다. 결혼해서 나온 후에는 깊은 대화를 할 수 있는 시간도 줄고, 

사랑하고 감사하다는 표현도 많이 못했던 것 같은데, 앞으로 더 많이 표

현할게요. 사랑해요 엄마 아빠. 

영적인 부모와 같이 저를 사랑해 주시고 양육해 주신 이문선 목사

님, 유승자 사모님, 보라 선교사님, 그리고 동백이 형께도 감사드립니다. 

많은 사역으로 바쁘시면서도 틈틈이 제 상황들을 기억하고 물어봐 주시

는, 저희 아빠와 참 닮으신 목사님. 저와 비슷한 기질이셔서 가장 좋은 

롤 모델이 되시는, 한없는 사랑과 동시에 정확한 권면으로 이끌어 주시

는 사모님. 진심으로 자신을 다 내어주시는, 예수님의 사랑을 떠올리게 

하시는 보라 선교사님. 어떤 상황에서도 의지가 되고 위로가 되는, 온유

함의 대명사 동백이 형. 그리스도의 몸인 교회 공동체를 위한 그 헌신의 

사랑을, 저도 시간이 지나며 조금씩 더 알아가게 되는 것 같습니다. 특히 

최근 몇 년 동안 세 분 모두에게 직접 양육 받을 수 있어서 감사했습니

다. 제가 막막하고 고단한 마음을 토로할 때 깊이 들어 주시고 또 기도
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해 주셔서, 저도 매주 다시금 주님을 붙잡고 소망하며 갈 수 있었습니다. 

저도 목사님 가정을 위해 더욱 기도하고, 그 사랑에 보답하고 또 흘려 

보내기를 힘쓰겠습니다. 

최고의 인품을 가지신 이탁희 교수님, 존경하고 감사드립니다. 언제

나 학생들을 배려해 주시고, 경청해 주시고, 존중해 주시는 교수님은 참

으로 상사가 아니라 스승이셨습니다. 교수님의 지도 덕에 지난한 대학원 

기간 가운데서도 버티고 힘낼 수 있었고, 무사히 박사과정을 마칠 수 있

었습니다. 오랫동안 함께하고 싶은 좋은 연구실 동료들을 만나게 된 것

도 교수님 덕분이고, 항상 감사한 마음입니다. 졸업 후에도 꼭 종종 찾아 

뵙겠습니다. 

이어서 긴 시간을 함께 동고동락한 MNE 여러분들, 두 말 할 것도 

없이 함께 해서 즐겁고 고마웠다고 이야기하고 싶습니다. 한 명 한 명 

세 보았는데, 제가 연구실에 있는 동안 함께 시간을 보냈던 분들이 모두 

서른 여섯 명이나 되더군요. 든든하게 연구실을, 그리고 저를 이끌어 주

셨던 박사님들과 선배님들부터 이제 막 대학원이라는 여정을 시작하려는 

꿈나무들까지 (그리고 MNE의 기둥인 고은 누나도), 많은 분들과의 추억

이 새록새록하네요. 똑부러지는 사람, 시원시원한 사람, 섬세한 사람, 유

쾌한 사람, 정 많은 사람 등… 정말 다양한 분들과 함께 있어서 그만큼 

다채롭고 즐거웠던 시간이었습니다. 공통점이라면 모두 좋은 사람들이라

는 점이겠죠. 제가 본 다른 어떤 연구실과도 비교할 수 없는, 가장 친밀

하고 끈끈하고 행복한 연구실을 만들어 준 여러분 한 분 한 분께 감사합

니다. 앞으로도 자주 연락하며 지내요! 

나의 절친 성현아, 친구 중에 가장 고맙고 추억이 많은 한 명을 꼽

으라면 단연 너일 거야. 고1 첫날부터 너는 참 나랑 잘 맞는 편한 친구

였는데, 어느덧 14년이 지나는 동안 고등학교, 대학교, 교회에서 항상 같

이 오고, 마지막 1년은 다시 캠퍼스와 제자반에서도 함께 하게 되었네. 

이제는 정말 사랑의 사도라는 말이 가장 먼저 떠오를 정도로, 섬세하면

서도 강단이 있는 너의 모습이 든든하고 앞으로도 어디에서 어떤 모습으

로 쓰임 받을지 참 기대가 된다. 

짧은 글에서 다 언급하지 못했지만 제 삶에 많은 부분을 차지하고 

의지가 되었던 분들께도 진심으로 감사의 말씀 전합니다. 항상 든든하게 

믿고 가는 청년 3부, 그리고 정말 가족처럼 생각하는 창대교회의 형 누

나 동생들. 앞으로도 한 마음 한 뜻으로 믿음이 성숙해 가길 축복합니다. 

16년도에 우연히 같이 복학해서 들은 수업을 통해 지금까지 베프가 된 

은우와 광준이도 항상 내 마음에 편안함을 줘서 고맙고, 대학원 기간 함

께 고생했던 물천12 동지들, 졸업한 친구들 수고 많았고 남은 친구들도 

고지가 눈앞이니 힘내자! 
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마지막으로 나의 사랑하는 아내 다은이에게. 

다은아, 우리가 처음 친구로 만났던 고등학교 3학년 때의 인연이, 평생의 

동반자로 이어질 줄은 우리 둘 다 상상도 못 했는데, 이후로 여러 모습

의 인도하심 가운데 기다림의 훈련도 있었고 말씀을 통한 인도하심도 있

었지. 둘 모두 처음 걷는 길이었지만, 그 준비되는 시간을 한 마음으로 

걸어올 수 있어서 나는 정말 감사해. 우리가 드렸던 작은 순종에 주님이 

몇 배로 축복해 주신다는 것을 항상 느껴. 너는 내 삶의 가장 큰 축복이

고, 너와 함께하는 매일매일이 기쁨으로 충만해. 항상 나를 사랑해 주고, 

세워 주고, 믿음으로 먼저 이끌어 주기도 하는 등 모든 것들로 인해 고

맙고, 이 대학원 기간의 마무리를 함께할 수 있어서 감사해. 결혼과 졸

업, 많은 것들이 변하는 이 시기 가운데 서로를 더욱 주님께로 이끌어 

주며 한 걸음씩 사랑하며 가자. 

 

 

 

[야고보서 1:2-4] 

2 내 형제들아 너희가 여러 가지 시험을 당하거든 온전히 기쁘게 여기라 

3 이는 너희 믿음의 시련이 인내를 만들어 내는 줄 너희가 앎이라 

4 인내를 온전히 이루라 이는 너희로 온전하고 구비하여 조금도 부족함이 없게 

하려 함이라 

 

사랑의 주님, 참 감사합니다. 

지난 6년의 시간 동안, 이 곳에서 저를 빚어 주셔서 감사합니다. 

믿음도 끈기도 열심도 항상 흔들리던 불안정한 제게, 이 시간을 통해 인

내를 가르쳐 주시고, 주님을 의지하는 것을 알려 주시고, 또한 그 가운데 

놀라운 인도하심들을 경험할 수 있게 하심에 감사합니다. 

지금까지와는 완전히 다를 앞으로의 삶에서, 어디로 저를 인도하시고 어

떻게 저를 사용하실 지 기대됩니다. 

오직 구하는 것은, 주님을 향한 믿음이 더욱 굳건해지도록, 그리하여 저

를 보내실 곳에서 주님의 뜻이 이루어지는 삶이 되기를 간절히 구합니

다. 

예수님의 이름으로 기도드립니다. 

아멘. 
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