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摘要

本研究主要分析矽（110）侷限系統在低溫下電子傳輸情形。常溫下，載子之

傳輸特性主要受聲子散射影響；有別於常溫，低溫下的載子傳輸須額外考慮進表

面粗糙散射、遠程庫倫散射、雜質散射之影響。因此，文中首先根據量子效應計

算出矽（110）侷限系統之子帶資訊，計算出材料聲子散射率，介電層所貢獻的遠

程聲子散射率、表面粗糙散射率、遠程庫倫散射率、雜質散射率，讚以蒙地卡羅

法評估出各條件下的電子遷移率。發現隨溫度調降，除表面粗糙散射數值不隨之

改變外，其餘散射機制散射率皆隨溫度變小，原因為聲子佔居比例的下降，與固

定通道載子濃度下屏蔽效應隨溫度下降的提升；因此，在此過程中，表面粗糙散

射所佔的比例越來越高。除此之外，文中亦討論不同載子濃度下電子遷移率的變

化。當通道載子濃度的低時，屏蔽效應減弱，遠程庫倫散射所佔比例提升；而隨

載子濃度上升，屏蔽效應增強，遠程庫倫散射機制下降，以致電子遷移率升高；

而再隨載子濃度越趨提升，電子分佈越靠近材料界面，因此電子受表面粗糙散射

影響程度變得顯著，導致電子遷移率再次下降，最後得凹口向下的電子遷移率隨

載子濃度分佈的趨勢。而此研究建立之低溫模型可推廣至其他系統，協助對該系

統下載子遷移率的分析以及成因之釐清。

關鍵字：低溫系統、載子遷移率、矽（110）侷限系統、蒙地卡羅法
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Abstract

This study primarily analyzes the electron transport properties in silicon (110) con-

finement systems at low temperatures. At room temperature, the transport characteristics

of carriers are mainly influenced by phonon scattering. However, unlike at room tempera-

ture, carrier transport at low temperatures must additionally consider the effects of surface

roughness scattering, remote Coulombic scattering, and impurity scattering. Therefore,

this paper first calculates the subband information of the silicon (110) confinement sys-

tem based on quantum effects, and computes the phonon scattering rate of the material,

the remote phonon scattering rate contributed by the dielectric layer, the surface rough-

ness scattering rate, the remote Coulomb scattering rate, and the impurity scattering rate.

Using the Monte Carlo method, the electron mobility under various conditions is evalu-

ated. It is found that, as the temperature decreases, the scattering rates of all mechanisms

except for surface roughness scattering decrease due to the reduction in phonon occupa-

tion and the enhancement of the screening effect at a fixed channel carrier concentration.

iv
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Therefore, the proportion of surface roughness scattering increases during this process.

Besides, this paper also discusses the changes in electron mobility under different carrier

concentrations. When the channel carrier concentration becomes lower, the screening ef-

fect weakens, and the proportion of remote Coulombic scattering increases. As the carrier

concentration increases, the screening effect strengthens, and the remote Coulombic scat-

tering mechanism decreases, resulting in an increase in electron mobility. However, as the

carrier concentration continues to rise, the electron distribution moves closer to the mate-

rial interface, making the impact of surface roughness scattering more significant, leading

to a decrease in electron mobility again. This results in a downward concave trend of

electron mobility with respect to carrier concentration. The low-temperature model estab-

lished in this study can be extended to other systems, helping the analysis and clarification

of carrier mobility and its causes in those systems.

Keywords: Cryogenic system,Mobility, Silicon (110) confinement,Monte Carlomethod
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Chapter 1

Introduction

1.1 Motivation

With technological advancements, humans need to expand their understanding of

physical mechanisms in low-temperature environments in order to utilize themmore effec-

tively [1]. For high-orbit satellite communication and quantum computer low-temperature

circuit design, there are specific requirements. Semiconductor components need to oper-

ate within an extremely low-temperature range, where their characteristics undergo sig-

nificant changes. For quantum computers, reducing thermal interference on qubits is cru-

cial. Whether the qubits are primarily based on superconductors or silicon-based quantum

dots, they operate at temperatures ranging from ten to thousand mK. Additionally, to con-

trol these superconducting qubits, both operational and reading circuits operate near 4 K.

Considering cooling power consumption, they may also be designed to operate near 77 K.

Therefore, understanding the characteristics of components at low temperatures becomes

critical.

1
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1.2 Carrier Transport under the Cryogenic System

At room temperature, the phonon is the main reason causing the carriers to scat-

ter[2]. However, at the cryogenic temperature, the thermal energy of the system is sig-

nificantly reduced, leading to distinct interactions with impurities, remote charges, and

surface roughness. Therefore, the scattering mechanisms, including acoustic phonon scat-

tering, optical phonon scattering, remote phonon scattering, ionized impurity scattering,

remote Coulombic scattering, surface roughness scattering, and interface scattering, play

crucial roles in determining the overall carrier mobility. Understanding these mechanisms

is essential for optimizing the design and performance of semiconductor devices operating

under cryogenic conditions.

1.3 Simulation of the Transport Properties

There are two methods are usually used in estimating the electron mobility. There are

the Boltzmann Transport Equation (BTE) [3] and the Monte Carlo (MC) [4] method. The

Boltzmann transport equation is a classical approach that describes the statistical behavior

of particles under the influence of external forces and collisions. It provides a deterministic

framework for calculating the distribution function of carriers. The BTE can be expressed

as:

𝜕𝑓
𝜕𝑡 + v ⋅ ∇r𝑓 + F ⋅ ∇k𝑓 = (𝜕𝑓

𝜕𝑡 )
collision

, (1.1)

where 𝑓 is the distribution function, v is the carrier velocity, F is the external force, and

the right-hand side represents the collision term. On the equation left-hand side, v ⋅ ∇r𝑓

represents the diffusion motion and F ⋅ ∇k𝑓 depicts the drift motion. As solving the BTE,

2
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the relaxation time approximation or iterative methods is required, to account for various

scattering mechanisms.

In contrast, the Monte Carlo method is an approach that simulates the trajectories of

individual carriers through random sampling of scattering events. This method involves

initializing the carriers with specific energy andmomentum, propagating them through the

material, and accounting for interactions with phonons, impurities, remote charges, and

interfaces. The MC method provides a detailed, microscopic view of carrier dynamics,

and it can capture the effects of rare but significant scattering events.

Comparing these two methods, the BTE is a more straightforward and less compu-

tationally intensive approach for systems where the scattering mechanisms can be well-

approximated. However, it may oversimplify complex interactions. On the other hand,

theMonte Carlo method, while computationally demanding, provides a more accurate and

detailed simulation of carrier transport, especially in systems with complex and multiple

scattering mechanisms. Therefore, to accurately model the carrier transport properties at

low temperatures, we apply the Monte Carlo method in the simulation. We aim to provide

a comprehensive understanding of the transport properties. The analysis will help identify

the dominant scattering mechanisms and their impact on carrier mobility.

1.4 Silicon (1 1 0) Confinement FinFET

Nowadays, as the gate length becomes shorter, gate control becomes more difficult.

Replacing the planar FET, the FinFET structure is commonly used to enhance the control

of the gate. Owing to the advance in fabrication techniques, the channel width of the

FinFET has the ability to reach several nanometers. Based on this structure, the system

3
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can be seen as a quantum well. The confinement of carriers in the narrow fin structure

leads to enhanced electrostatic control and reduced short-channel effects. However, the

confined geometry also emphasizes the impact of scattering mechanisms, making it vital

to thoroughly understand and reduce these effects.

(110) oriented FinFETs show exceptional potential for performance improvement

through strain engineering, making them promising for future high-performance electronic

devices [5]. Fig. 1.1 shows the layout of (110)/[110] and (010)/[100] FinFETs fabricated

on a (001) silicon wafer. In their research, (110)/[110] FinFET has a better ability to

improve electron mobility compared with the (010)/[100] one. The combination of com-

pressive strain along the fin height and tensile strain along the fin width or compressive

strain along the fin width can enhance electron mobility. Therefore, studying carrier trans-

port in silicon (110) confinement FinFETs at low temperatures provides valuable insights

into optimizing these devices for advanced applications.

Figure 1.1: (a) Layout of (110)/[110] and (010)/[100] FinFETs fabricated on a (001) sil-
icon wafer. (b) Sketch of the device and an indication of the transport and quantization
directions for a FinFET oriented along the [110] direction.

4
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1.5 Thesis overview

This thesis aims to investigate the carrier mobility in low-temperature silicon (110)

confinement systems by analyzing the contributions of various scattering mechanisms.

Therefore, in chapter 2, the various scattering mechanisms are mentioned. The physi-

cal picture of these scattering process and the derivation of the scattering rates are ex-

plained. Also, the steps of Monte Carlo method we used is introduced. Further, in chapter

3, the subband separation calculation result of silicon (1 1 0) confinement system is shown.

Based on the effective mass, eigen value, and wavefunction we obtained, the magnitude

of the scattering rates of every mechanisms are estimated. Moreover, the mobilities with

various temperatures is acquired by the Monte Carlo method. In the end, the aforemen-

tioned results are discussed. In chapter 4, the conclusion of this thesis is made. The new

findings of this research and suggestion directions for future study are summarized.

5
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Chapter 2

Methodology

2.1 Overview

In this chapter, we first introduce the valley information of the silicon (110) confine-

ment system. The effective mass in different directions of projected valleys is shown, and

there are two types,Δ-4 andΔ-2, of these valleys [6]. Otherwise, in the quantumwell, the

electron behaves like a wave. Therefore, the Poisson equation and Schrödinger equation

solver are applied to obtain the wave functions.

Further, we discuss the physical picture of each scattering mechanism under the cryo-

genic system since as the temperature decreases, the influence of the phonon-induced

scattering is reduced. Instead, we have to consider surface roughness scattering, remote

Coulombic scattering, and impurity scattering in our simulation model. Therefore, the

methodologies used to calculate the scattering rate of every mechanism are derived and

explained as follows. Finally, the multi-valley Monte Carlo model is utilized to evaluate

the mobility of the electron mobility.

6
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2.2 Scattering Mechanism

As the carrier transports through the material, the scattering happens, since the lattice

vibration or the Coulomb force from other charges. The trajectory of carriers changes after

interacting with the phonon or the scattering potential (Fig. 2.1). Scattering can be seen

as a perturbation, and Fermi’s Golden rule[7, 8] is applied to derive the scattering rate of

each scattering mechanism. Fermi’s Golden Rule is Eq. 2.1:

𝑊(𝑘, 𝑘′) = 2𝜋
ℏ |𝑀𝑘𝑘′|2 𝛿(𝐸𝑘′ − 𝐸𝑘), (2.1)

where 𝑊(𝑘, 𝑘′) is the scattering rate of the transition in which the initial state is 𝑘 and

the final state is 𝑘′, 𝑀𝑘𝑘′ is the matrix element of the scattering, 𝐸𝑘 is the initial carrier

energy, and 𝐸𝑘′ represents the final energy after the scattering.

The scattering mechanisms discussed in this paper can be classified into two cat-

egories, elastic scattering, and inelastic scattering. In the elastic scattering, the carrier

energy is conserved. In this group, there are acoustic phonon scattering, surface rough-

ness scattering, remote Coulombic scattering, and ionized impurity scattering. Moreover,

inelastic scattering involves the process of energy absorption and emission. In this cate-

gory, there are optical phonon scattering, intervalley scattering, and remote phonon scat-

scattering

scattering

scattering
e-

Electric field

Figure 2.1: An electron transports in the material and scattering events happen.
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tering. During these scattering mechanisms, the momentum conservation of electrons and

phonons is considered. Therefore, the changing of the phonon wave vector resulting from

the initial and final state of electron scatter are calculated. In the further session, based on

the silicon (1 1 0) confinement system, the scattering rate derivation of every scattering

mechanism is shown, and the formation of the matrix element is discussed.

2.3 Acoustic Phonon Scattering

In the real lattice, due to the heat fluctuation, the atoms vibrate around their equilib-

rium position. As the atoms move away from the equilibrium site, the strain in the lattice

is caused. This strain impacts the motion of electrons. Therefore, the vibration of the

lattice is considered as a kind of particle ”phonon”, which causes the carrier scattering.

In general, phonon can be classified into two types, acoustic phonon and optical phonon.

The difference between these two types is the direction of atoms’ vibration (Fig. 2.2). As

the atoms move in the same direction, the strain energy in the lattice is caused. This nature

is called acoustic phonon. The electronic energy perturbation is related to the strain in the

Figure 2.2: The vibration of acoustic phonon and Optical phonon [9].
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crystal, and the perturbation potential can be described as

𝑈𝑎𝑐 = 𝐷𝑎𝑐
𝜕𝑢
𝜕𝑥 (2.2)

where 𝐷𝑎𝑐 is the acoustic phonon deformation potential, and 𝜕𝑢
𝜕𝑥 represents the displace-

ment of two atoms. Accroding to the purterbation theory,

Figure 2.3: Phonon spectra of silicon [9].

Fig. 2.3 is the phonon branches of silicon. It represents the phonon energy distribu-

tion in the lattice. TA and LA are transversal acoustic phonon and longitudinal acoustic

phonon separately. Around the zero momentum position, the energy of these two phonon

types is close to zero. Therefore, acoustic phonon scattering can be seen as the elastic col-

lision between the electron and phonon. In addition, in this case, the phonon occupation

𝑛(𝜔) = 1
𝑒𝑥𝑝( ℏ𝜔

𝑘𝐵𝑇 ) − 1 (2.3)

9
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is approximated to

𝑛(𝜔) = ℏ𝜔
𝑘𝐵𝑇 (2.4)

since the small phonon energy. Further, with the band structure and phonon spectra, the

acoustic phonon scattering rate can be described as

𝑊𝑎𝑐(𝑘) = 𝜋𝑘𝐵𝑇 𝐷2
𝑎𝑐

𝜌𝑣2𝑠ℏ 𝑁2𝐷(𝐸𝑘)/𝐿 (2.5)

where 𝑘𝐵 is Boltzmann constant, 𝑇 is temperature, 𝐷𝑎𝑐 is the deformation potential of

acoustic phonon, 𝜌 is the mass density, 𝑣𝑠 is the sound velocity, 𝑁2𝐷 is the 2D density of

state, and 𝐿 is the width of the system.

2.4 Optical Phonon Scattering

As atoms in the same unit cell vibrate in the opposite direction, this type of vibration

is called optical phonon (Fig. 2.2). Optical phonon has larger energy compared with

the acoustic one. This vibration also caused the strain in the lattice, and the strain is

proportional to the displacement of atoms. The perturbation potential can be described as

𝑈𝑜𝑝 = 𝐷𝑜𝑝𝑢 (2.6)

where 𝐷𝑜𝑝 is the optical phonon deformation potential, and 𝑢 is the relative displacement

of two atoms. As Fig. 2.3 shows, LO and TO are the optical phonon branches. In addition,

at the zero momentum, the optical phonon still has its energy (Fig. 2.3). Therefore, the

calculation of phonon occupation can not be approximated to Eq. 2.4. Then, the optical

10
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phonon scattering rate is written as,

𝑊𝑜𝑝(𝑘) = 𝜋𝐷2
𝑜𝑝

2𝜌𝜔0
[𝑛(𝜔0) + 1

2 ∓ 1
2] 𝑁2𝐷(𝐸𝑘 ± ℏ𝜔0)/𝐿 (2.7)

In the phonon absorption scattering rate derivation, the phonon occupation is 𝑛(𝜔0). On

the other hand, if phonon emission mechanism is calculated, the phonon occupation is

𝑛(𝜔0) + 1.

2.5 Equivalent Intervalley Phonon Scattering

After interacting with the aforementioned phonon, the carriers have the probability

to scatter into other valley. In this process, the momentum between electron and phonon

is conserved. In silicon, there are six equivalent X-valleys. Fig. 2.4 shows the electron

equivalent intervalley scattering transition. If the electron scatters into the opposite valleys

(< 100 > scatter to < 100 >), this transition is called g-type scattering. The additional

phonon wavevector in g-type transition involves the 0.3 times zone edge magnitude. On

the other hand, if the electron scatters into the non-opposite valleys (< 100 > scatter to

Figure 2.4: Silicon equilibrium intervalley scattering. There are six equivalent valleys at
the conduction band edge, and the g-type and the f-type scattering is shown [9].
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< 010 >), this transition is called f-type scattering. The additional phonon wavevector in

f-type transition requires a zone edge magnitude.

This scattering mechanism can be modeled by deformation potential-like interaction

𝑈𝑒𝑝 = 𝐷𝑖𝑓𝑢 (2.8)

where 𝐷𝑖𝑓 is the intervalley deformation potential, and 𝑖 and 𝑓 represent the electon scat-

ters from 𝑖 to 𝑓 valley. Then, the scattering rate can be written as

𝑊𝑒𝑝(𝑘) =
𝜋𝐷2

𝑎𝑐/𝑜𝑝
2𝜌𝜔0

[𝑛(𝜔𝑎𝑐/𝑜𝑝) + 1
2 ∓ 1

2]𝑁2𝐷(𝐸𝑘 ± ℏ𝜔𝑎𝑐/𝑜𝑝)/𝐿 (2.9)

where footnote ac and op represent the acoustic phonon caused and optical phonon caused

intervalley scattering, respectively.

2.6 Remote Phonon Scattering

The dielectric layer around the channel supports polar vibration modes, and the mo-

tion of the carrier in the channel is influenced. This scattering mechanism is called remote

phonon scattering or surface-optical phonon scattering[10, 11]. If the high-𝑘 dielectric

material is used, the influence of remote phonon will be severe. Therefore, this scattering

mechanism should be considered in this thesis.

The process of remote phonon scattering is an inelastic collision, and it is strongly

related to the material used as the dielectric layer. The electron-phonon coupling strength

is [11, 12]

𝐹 2 = ℏ𝜔𝑠𝑜
2𝐴𝜖0

( 1
𝜖∞

𝑡𝑜𝑝 + 𝜖∞
𝑏𝑜𝑡

− 1
𝜖0

𝑡𝑜𝑝 + 𝜖0
𝑏𝑜𝑡

), (2.10)
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Top oxide

Bottom oxide

Gate

Channel

Gate

𝜖!"#

𝜖$"!

Silicon

Figure 2.5: Schematic of the double gate device and the meaning of 𝜖𝑡𝑜𝑝 and 𝜖𝑏𝑜𝑡 .

where ℏ𝜔𝑠𝑜 is the remote phonon energy, 𝜖∞
𝑡𝑜𝑝 is the high-frequency permittivity of the top

dielectric layer, 𝜖∞
𝑏𝑜𝑡 is the high-frequency permittivity of the bottom dielectric layer, 𝜖𝑜

𝑡𝑜𝑝

is the low-frequency permittivity of the top dielectric layer, and 𝜖𝑜
𝑏𝑜𝑡 is the low-frequency

permittivity of the bottom dielectric layer. Fig. 2.5 depicts the device structure and the

meaning of the top and bottom dielectric layers. In addition, if there are two remote phonon

types, 𝐹 2 should be written as

𝐹 2
1 = ℏ𝜔𝑠𝑜1

2𝐴𝜖0
( 1
𝜖𝑖𝑛𝑡

𝑡𝑜𝑝 + 𝜖𝑖𝑛𝑡
𝑏𝑜𝑡

− 1
𝜖0

𝑡𝑜𝑝 + 𝜖0
𝑏𝑜𝑡

), (2.11)

𝐹 2
2 = ℏ𝜔𝑠𝑜2

2𝐴𝜖0
( 1
𝜖∞

𝑡𝑜𝑝 + 𝜖∞
𝑏𝑜𝑡

− 1
𝜖𝑖𝑛𝑡

𝑡𝑜𝑝 + 𝜖𝑖𝑛𝑡
𝑏𝑜𝑡

), (2.12)

where 𝜖𝑖𝑛𝑡
𝑡𝑜𝑝 is the intermediate permittivity of the top dielectric, and 𝜖𝑖𝑛𝑡

𝑏𝑜𝑡 is the intermediate

permittivity of the bottom dielectric. A is the area. The remote phonon frequency 𝜔𝑠𝑜 is

𝜔𝑠𝑜1 = 𝜔𝑇 𝑂1√𝜖0
𝑡𝑜𝑝 + 𝜖∞

𝑏𝑜𝑡
𝜖𝑖𝑛𝑡

𝑡𝑜𝑝 + 𝜖∞
𝑏𝑜𝑡

, (2.13)

𝜔𝑠𝑜2 = 𝜔𝑇 𝑂2√𝜖𝑖𝑛𝑡
𝑡𝑜𝑝 + 𝜖∞

𝑏𝑜𝑡
𝜖∞

𝑡𝑜𝑝 + 𝜖∞
𝑏𝑜𝑡

. (2.14)

where 𝜔𝑇 𝑂1 and 𝜔𝑇 𝑂2 are the transversal optical phonon frequency of the dielectric. The

13
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remote phonon scattering rate is

𝑊𝑟𝑝(𝑘) = 2𝜋
ℏ ∫ 𝑒2𝐹 2

𝜖(𝑞, 𝑤)2
𝑒𝑥𝑝(−2𝑞𝑑)

2𝑞 𝑑𝑞[𝑛(𝜔0) + 1
2 ∓ 1

2]𝑁2𝐷(𝐸𝑘′ − 𝐸𝑘 ± ℏ𝜔0) (2.15)

𝑞 is the phonon wave vector which is related to the angle and the magnitude of 𝑘′ and 𝑘.

𝑑 is the distance between the remote phonon and channel carrier, 𝑒 is the modulus of the

electron charge, and 𝜖(𝑞, 𝑤) is the static screening of the material, which is

𝜖(𝑞, 𝑤) = 1 + 𝑣𝑐(𝑞)Π(𝑞, 𝑤), (2.16)

where 𝑣𝑐 is 𝑒2

2𝑘̂𝑞 , 𝑘̂ = 𝜖0
𝑡𝑜𝑝𝜖0

𝑏𝑜𝑡
2 , and Π(𝑞, 𝑤) is approximated as 𝑚∗

𝜋ℏ2 .

2.7 Remote Coulombic Scattering

Remote Coulombic scattering occurswhen carriers in the channel interact with charged

impurities or defects located in the oxide layer or at the oxide-semiconductor interface.

These remote charges create a Coulomb potential that perturbs the motion of the carriers,

leading to scattering events and degrading the carrier mobility (Fig. 2.6). Moreover, in this

scattering process, the interaction is elastic. The scattering rate due to remote Coulombic

interactions can be derived using Fermi’s Golden Rule. The rule provides the transition

oxide

channel

e-e-e- e-e-

e -

Figure 2.6: The schematic of remote Coulombic scattering[13, 14]. The formation of the
Coulomb potential (orange dashed line) of charges in oxide (red) influences the channel
carrier (blue) transport.
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rate for an electron due to an external perturbation. For Coulombic scattering, the pertur-

bation potential 𝑉 (r) is given by the Coulomb potential of the charges. After the Fourier

transform, the potential is written as [15]

𝑉 (𝑄, 𝑧) = 𝑓𝑄
2𝑄𝜖0𝜖𝑠

[𝑒−𝑄(𝑧−𝑧0) − 𝑆𝑣
𝑄 + 𝑆𝑣

× 𝑒−𝑄|𝑧−𝑧𝐼| × 𝑒−𝑄(𝑧𝐼−𝑧0)]. (2.17)

where 𝑄 = |𝑘′ − 𝑘|, 𝑘 and 𝑘′ are the final and initial state of the electron wavevector, 𝑧 is

the direction vertical perpendicular to oxide-semiconductor interface, 𝑧0 is the location of

the charges in the oxide, 𝑧𝐼 is the position of electron wavefunction maximum, 𝜖0 is the

vacuum permittivity, 𝜖𝑠 is the dielectric constant of the semiconductor, 𝑓𝑄 is a constant

solved from the boundary condition and 𝑆𝑣 is the screening parameter. The screening

parameter in a two-dimensional electron gas is

𝑆𝑣 = 𝑒2

2𝜖0𝜖𝑠

𝑛𝑣
𝑘𝐵𝑇 (2.18)

where 𝑛𝑣 is the carrier density. In addition, in Eq. 2.17, the first term on the right-hand side

represents the Coulomb effect from the charges in oxide, and the second term describes

the screening effect of the carriers in the channel. Then, the matrix element is

|𝑀(𝑘⃗, ⃗𝑘′)|2 = |⟨𝑘⃗|𝑒 × 𝑉 (𝑄, 𝑧)| ⃗𝑘′⟩|2. (2.19)

According to Fermi’s golden rule, the scattering rate is expressed as

𝑊𝑅𝐶𝑆(𝑘) = 2𝜋
ℏ ∫ |𝑀(𝑘⃗, ⃗𝑘′)|2𝑑𝑘′𝛿(𝐸𝑘′ − 𝐸𝑘)𝑁𝑓𝑖𝑥. (2.20)

where 𝑁𝑓𝑖𝑥 is the 2D fix-charge density in oxide.

Moreover, the Coulomb-force-related scattering is an angular-dependent mechanism.
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If the screening effect is weak, the system has a small angle scattering preference. If the

screening effect is strong, the distribution of the scattering angle is closer to uniform. The

scattering angle relation follows the calculation result of Eq. 2.20.

2.8 Impurity Scattering

Impurity scattering occurs when charge carriers interact with impurities or defects

within the semiconductor lattice. These impurities (dopants or defects) create localized

potentials that perturb the motion of the carriers, leading to scattering events. Impurity

scattering is particularly important in determining the electrical properties of semicon-

ductors at low temperatures or in highly doped materials [16].

The formation of the perturbation potential is similar to that in remote Coulombic

scattering. Both of them resulted from the Coulombic force. Therefore, this scattering

is an elastic process. The only difference is the position of the fixed charges. In terms

of impurity scattering, the charges are located at the channel. Further, the scattering rate

due to the impurities can be derived using Fermi’s Golden Rule. Based on the Coulomb

potential of the charged impurity, the matrix elements are written as

|𝑀𝐼𝑀𝑃 (𝑘⃗, ⃗𝑘′)|2 = |⟨𝑘⃗|𝑒 × 𝑉𝐼𝑀𝑃 (𝑄, 𝑧)| ⃗𝑘′⟩|2. (2.21)

Finally, according to Fermi’s golden rule and integrating over all possible final states, the

impurity scattering rate can be obtained

𝑊𝐼𝑀𝑃 (𝑘) = 2𝜋
ℏ ∫ |𝑀𝐼𝑀𝑃 (𝑘⃗, ⃗𝑘′)|2𝑑𝑘′𝛿(𝐸𝑘′ − 𝐸𝑘)𝑁𝐼𝑀𝑃 . (2.22)

where 𝑁𝐼𝑀𝑃 is the density of ionized impurity. Finally, due to impurity scattering being
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oriented from the Coulombic force, this mechanism is also angular dependent, which is

like remote Coulombic scattering.

2.9 Surface Roughness Scattering

The quality of the interface between two different materials depends on the fabrica-

tion process. In n-MOSFET, electrons travel in the inversion layer around the interface

of oxide and channel material. During carrier transport, scatter events happen due to the

imperfection interface, and this phenomenon is called surface roughness scattering[17].

The distribution of the roughness at the surface is assumed as a Gaussian distribution as

Eq. 2.23 [18]

< Δ(𝑟)Δ(𝑟′ − 𝑟) >= Δ2𝑒𝑥𝑝(− 𝑟2

𝜆2 ), (2.23)

where Δ is the root-mean-square height of the surface roughness, 𝜆 is the correlation

length of the surface roughness along the interface (Fig. 2.7). The scattering matrix ele-

Figure 2.7: Schematic of the interface of oxide and semiconductor layer [9].

ment can be written as

𝑀(𝑘, 𝑘′) = ∫
Δ𝑧

−Δ𝑧
𝛿𝑈(𝑟, 𝑧)|𝜓(𝑧)|2𝑑𝑧, (2.24)

where Δ𝑧 is the distance away from the interface, 𝛿𝑈 is the difference of conduction band

edge for oxide and semiconductor, and 𝜓(𝑧) is the wavefunction of the electrons in the

inversion layer. This equation describes the probability of the electron around the surface
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and is influenced by the surface roughness. Further, according to Fermi’s golden rule, the

surface roughness scattering rate can be derived as

𝑊𝑆𝑅(𝑘) = 2𝜋
ℏ ∫ |𝑀𝑘𝑘′ |2𝑑𝑘′𝛿(𝐸𝑘′ − 𝐸𝑘). (2.25)

2.10 Monte Carlo Method

During the flight, the carrier collides with the phonon or is influenced by the Coulomb

potential of other charges. Then, the scattering happens with the changing of electron

momentum and velocity (Fig. 2.1). Within the scattering rate result of the above scattering

mechanisms, a Monte Carlo model is built. Since the scattering event happens randomly,

the Monte Carlo method is a profitable scheme to deal with the nature of scattering. The

detailed steps of Monte Carlo are shown in Fig. 2.8.

Input electric field

Random number to 
determine free flight time

Random number to select 
scattering event

Random number to 
determine carrier final state

Get carrier’s average velocity,
average energy, k vector

R
epeat until m

obility stabilizes

Figure 2.8: The flow chart of Monte Carlo method.

To begin with, assume there is an electron under a given electric field, and it is ac-
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celerated at the same time. Next, a random number is generated to determine the flight

interval. Further, a random number is generated again to decide which scattering mecha-

nism is chosen. Then, the third random number is drawn to determine the scattering angle

and the final state of the electron. Finally, the new momentum, carrier energy, velocities,

and flight distance during the flight interval are recorded. The aforementioned steps are

a loop for the Monte Carlo method. This process is repeated until the total flight time or

total flight distance we set is satisfied. In the end, the average velocities of carriers and

mobilities can be obtained.

2.11 Poisson, Drift-Diffusion, and Schrödinger Solver

In this research, the Poisson and drift-diffusion self-consistent model is used to per-

form the device simulation. The Poisson equation is used to describe the relation between

carrier distribution and the potential. The Poisson equation is

∇𝜖∇𝐸𝑐 = 𝑞(𝑁−
𝐴 − 𝑁+

𝑑 + 𝑛𝑒 − 𝑝) (2.26)

where 𝐸𝑐 is the potential, 𝑁−
𝐴 is the doping concentration of acceptor, 𝑁+

𝑑 is the doping

concentration of donor, 𝑛𝑒 is the electron concentration, and 𝑝 is the hole concentration.

As the system is applied by the bias, the band structure of the system is altered, and the

carrier distribution changes. The drift-diffusion model is used to solve the current, and it

is in the form of

𝐽𝑛 = −𝑞𝜇𝑛𝑛𝑒∇𝑉 − 𝑞𝐷𝑛∇𝑛𝑒, (2.27)

𝐽𝑝 = −𝑞𝜇𝑝𝑝∇𝑉 + 𝑞𝐷𝑝∇𝑝, (2.28)
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where 𝐽𝑛 and 𝐽𝑝 are the electron and the hole current, respectively. 𝜇𝑛 and 𝜇𝑝 are the

electron and the hole mobility, respectively. 𝐷𝑛 and 𝐷𝑝 are the diffusion coefficients of

electron and hole, respectively. In Eq. 2.27 and 2.28, the first term on the right-hand side

means the drift current. The second term on the right-hand side represents the diffusion

current, and it is related to the carrier concentration difference. As the bias is applied to the

system, the Poisson equation and drift-diffusion equation are calculated iteratively until

convergence is reached. Based on the potential result, the Schrödinger equation is solved

and the wavefunction can be acquired.
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Chapter 3

Results and Discussion

3.1 Silicon (110) confinement system

Silicon, with its semiconductor properties and our mature fabrication technology, has

been the cornerstone of modern electronic devices. As the device dimensions continue to

scale down, the width of the FinFET channel becomes thinner. Compared with bulk sili-

con, which is typically characterized by its (100) crystal orientation, silicon (110) confine-

ment systems have a different electronic property. When silicon is confined to nanoscale

dimensions, quantummechanical effects become significant, further altering its electronic

properties. In silicon (110) confinement systems, carriers are confined within a thin sili-

con layer, typically a few nanometers thick, sandwiched between insulating layers. This

confinement leads to the formation of quantum wells, where the motion of carriers is re-

stricted in one or more dimensions. As a result, the energy levels become quantized, and

the carrier mobility can be significantly enhanced due to the reduction of scattering.

Fig. 3.1 is the FinFET structure which we simply it into a quantum well, and the

width of the quantum well is 5 nm. The FinFET channel is (110) orientation silicon, and
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5 nm

50 nm

Oxide
SiO2 / HfO2

[1 1 0]

[1 𝟏" 0]

[0 0 1]

Figure 3.1: The structure of FinFET we simulate. The FinFET height is 50 nm and the
FinFET width is 5 nm.

the oxide is SiO2 or HfO2 in further discussion.

3.1.1 Valleys in Conduction Band

Silicon has six same valleys in a lattice (Fig. 2.1); however, due to the confinement in

(110) direction, the valleys separate into two types, Δ-4 and Δ-2 (Fig. 3.2). The electron

effective mass also changes, and the value is shown in Table 3.1. Since the effective mass

of Δ-4 valleys in the confinement direction is larger than that of Δ-2 valleys, Δ-4 has the

lower energy in the first subband. Therefore, in our simulation,Δ-4 is the first valley. The

lowest point of the band structure in the system is the first subband minimum of the Δ-4

valley.

Valley type m[110]/m0 m[001]/m0 m𝑐𝑜𝑛𝑓𝑖𝑛𝑒/m0

Δ-4 0.553 0.190 0.315

Δ-2 0.190 0.916 0.190
Table 3.1: Electron effective mass of various valleys [5]. m[110] is the effective mass along
[110] direction.
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Figure 3.2: The constant energy surfaces of the silicon conduction band minima in (110)
plane. [19]

3.2 Electron-phonon Scattering

Phonon-caused scattering is crucial when discussing the electron transport property.

Since the phonon is oriented from the heat fluctuation, the electron-phonon scattering rate

is highly related to the environment temperature. In this section, the effects of acoustic

phonon, optical phonon, and remote phonon are mentioned, and the scattering rates under

different temperatures are calculated. Moreover, by the Monte Carlo method, the field-

dependent velocities and mobility of these scattering mechanisms can be obtained, and

the results are discussed.

3.2.1 Acoustic Phonon Scattering

The acoustic phonon is the atoms in the lattice vibrate in the same direction, and the

frequency is lower, compared with the optical phonon. Therefore, acoustic phonon has
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lower energy (Fig.2.3). There are two types of acoustic phonon: longitudinal acoustic

phonon (LA) and transversal acoustic phonon (TA). According to the deformation poten-

tial theory, the sound velocity is required to calculate the acoustic phonon scattering rate.

Sound velocity is acquired by fitting the linear part of the LA phonon around the small

wavevector. In our calculation, the sound velocity 𝑣𝑠 and the other parameters used in Eq.

2.5 are listed in Table. 3.2. The device in ref. [19] is like a tri-gates structure, and the D𝑎𝑐

the researcher used is 6.27 eV. However, in terms of SOI, Esseni found the value should

be 14.6 eV [13], and this condition is more similar to our study. Therefore, 14.6 eV is

chosen as D𝑎𝑐 in our further calculation.

Material D𝑎𝑐(𝑒𝑉 ) 𝜌𝑆𝑖(𝑘𝑔/𝑚3) m𝑒𝑓𝑓 (m𝑜) v𝑠 (cm/s) m𝑑𝑜𝑠 (m𝑜)

Si 6.27 / 14.6 [13] 9.54 × 103 0.553 9.54 × 105 0.324
Table 3.2: Parameters of silicon used in acoustic phonon scattering rate calculation. [19]
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Figure 3.3: Acoustic phonon scattering rate under different temperatures.

Fig. 3.3 is the acoustic phonon scattering rate with different temperatures. As the

temperature decreases, the scattering rate becomes lower. This means the scattering effect

from acoustic phonon is smaller as temperature drops. Therefore, higher mobility in low
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temperature conditions is predicted.

3.2.2 Optical Phonon Scattering

The optical phonon is the atoms in the lattice that vibrate in the opposite direction,

and the frequency is higher than the acoustic phonon. There are two types of optical

phonon: longitudinal optical phonon (LO) and transversal optical phonon (TO). Based on

the deformation potential theory and Eq. 2.7, Table. 3.3 is the required parameter used in

the optical phonon scattering rate calculation.

Phonon mode D𝑜𝑝(𝑒𝑉 /𝑚) ℏ𝜔𝑜𝑝(𝑒𝑉 )
Optical 3.55 × 1010 0.064

Table 3.3: Parameters of silicon used in optical phonon scattering rate calculation.

Fig. 3.4 is the total (absorption + emission) optical scattering rate under various tem-

peratures. As the temperature decreases, the scattering rate tends to be smaller. However,

there is no obvious lowering as the temperature is below 50K.
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Figure 3.4: Optical phonon total scattering rate under different temperatures.
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Figure 3.5: Optical phonon absorption (a) and emission (b) scattering rate under different
temperatures. (a) the scattering rates under 50K are smaller than 1.0 × 106 s−1. Thus,
they are not plotted in (a).

This is because of the saturation of the phonon occupation in the emission mode, and

the absence of the absorption mode at low temperature. In Fig. 3.5, we can see that the

absorption scattering rate drops as the temperature lowers, and at 50 K, the absorption

scattering rate is below 1.0 × 105 s−1. On the other hand, the emission scattering rate

does not decrease too much with the temperature changes. From Eq. 2.7 and Eq. 2.3,

we realize that the emission scattering rate gradually closes to the condition that phonon

occupation term equals one as temperature lowering. However, absorption is influenced

by the phonon occupation declining with the temperature changes. To sum up, within

the temperature decrease, the optical phonon scattering rate is dominated by the emission

mechanism, and it will converge to the result that the phonon occupation term equals one

in the emission scattering rate calculation.

3.2.3 Equivalent Intervalley Scattering

After interacting with the phonon, the electron has the probability to scatter into other

valleys and follows the energy andmomentum conservation. In bulk silicon, there are four
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degeneracy for f-type scattering and one degeneracy for g-type scattering. However, in the

silicon (110) confinement system, there are two degeneracies for f-type scattering due to

the confinement effect. Also, by applying the deformation potential theory, the equivalent

intervalley scattering rate can be estimated with the parameters in Table. 3.4.

Scattering type D𝑒𝑞 × 108(𝑒𝑉 /𝑚) ℏ𝜔𝑒𝑞(𝑒𝑉 )
g-type 0.5 / 0.8 / 11.0 0.012 / 0.019 / 0.062

f-type 0.3 / 2.0 / 2.0 0.019 / 0.047 / 0.059
Table 3.4: Parameters of silicon used in equivalent intervalley scattering rate calculation.
[9]

There are three phonon types separately attributed to g-type and f-type scattering.

They are oriented from the different LA, TA, LO, and TO phonon modes with different

phonon wavevectors (Fig. 3.6).

Figure 3.6: Equivalent intervalley scattering with different phonon wavevector [20]. The
change of phononwavevector of g-type transition required 0.3 times zone edgemagnitude,
and f-type transition required one time.

Fig. 3.7 is the total scattering rate of the g-type and f-type scattering. As the tem-

perature declines, the total scattering rate becomes smaller. The abrupt scattering rate in-
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crement in the low electron energy is due to the activation of the different phonon modes.

Fig. 3.8 shows the g-type and f-type scattering rates separately. g-type has the higher

scattering rate due to the larger deformation potential parameter 𝐷𝑒𝑞 and the degeneracy

reduction (four becomes two) of f-type scattering. Additionally, the same phenomenon

of emission scattering gradually dominates the scattering rate, and the magnitude close to

the phonon occupation term equals one as the temperature decreases (Fig. 3.9).
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Figure 3.7: Equivalent intervalley total scattering rate.
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Figure 3.8: Equivalent intervalley g-type and f-type scattering rate.
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Figure 3.9: Equivalent intervalley (a) g-type absorption, (b) g-type emission, (c) f-type
absorption, and (d) f-type emission scattering rate.

3.2.4 Remote Phonon Scattering

To have a better gate control ability in the device, the high-𝜅 materials are applied

as the dielectric layer in the device. The remote phonon scattering is induced by this

high dielectric constant material. In this study, we discuss the remote phonon scattering

effect by comparing the conditions that two different oxide materials ( SiO2 and HfO2

) as the dielectric. Table. 3.5 shows the parameters used in remote phonon scattering

rate calculation. Remote phonon is induced from the transversal optical phonon of these

materials.

29



doi:10.6342/NTU202404100

Material 𝜖0
𝑟 (𝜖0) 𝜖𝑖

𝑟 (𝜖0) 𝜖∞
𝑟 (𝜖0) ℏ𝜔1

𝑇 𝑂(𝑒𝑉 ) ℏ𝜔2
𝑇 𝑂(𝑒𝑉 )

SiO2 3.90 3.36 2.40 0.055 0.138

HfO2 22.00 6.58 5.03 0.012 0.048
Table 3.5: Remote phonon parameters of thematerials used as the dielectric. 𝜖0

𝑟, 𝜖𝑖
𝑟, and 𝜖∞

𝑟
are low-frequency, intermediate-frequency and high-frequency permittivity, respectively.
[11, 21]

From the FinFET structure, we can simplify our simulation into the double gates

condition. That is, the silicon channel is sandwiched by the top and bottom dielectrics.

The material of both sides oxide is the same. The width of the channel is 5 nm, and the

thickness of the oxide is 1 nm. Fig. 3.10 is the remote phonon scattering rate of both

sides oxides are HfO2 and SiO2. Compared with oxides in are SiO2 case, the HfO2 one

has a much higher scattering rate. This is because of the large dielectric constant at low

frequency. The ratio between (𝜖0
𝑡𝑜𝑝 + 𝜖∞

𝑏𝑜𝑡) and (𝜖𝑖𝑛𝑡
𝑡𝑜𝑝 + 𝜖∞

𝑏𝑜𝑡) becomes larger, and leads to

the calculation in remote phonon mode (Eq. 2.13 and Eq.2.14) larger than the SiO2 case.
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Figure 3.10: Remote phonon scattering rate of (a) SiO2 and (b) HfO2.
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3.2.5 Field-dependent Mobility in Electron-phonon Scattering

Due to the absence of the emission mechanisms in acoustic phonon scattering, in

our Monte Carlo simulation, the electron is accelerated and scattered to the high energy

states. That is, the scattering rate corresponding to the electron is too high, and this con-

dition is not profitable to be simulated singly in the Monte Carlo method. Therefore, we

add acoustic phonon scattering with other scattering mechanisms that have the emission

process to estimate the electron mobility. In this section, the mobility considered in the

aforementioned phonon scattering mechanism is discussed.
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Figure 3.11: The field-dependent mobility of total phonon scattering mechanisms with
temperatures. Total phonon means acoustic phonon scattering, optical phonon scattering,
equivalent intervalley scattering, and remote phonon scattering are considered. (a) SiO2
is considered as the dielectric layer in remote phonon calculation. (b) HfO2 is considered
as the dielectric layer in remote phonon calculation.

Fig. 3.11 is the field-dependent mobility of total phonon scattering mechanisms. In

the room temperature case, if the electric field is not large enough unstable field-dependent

mobility occurs due to the diffusion motion. Therefore, it is crucial to determine which

electric field is profitable to extract the mobility. In our case, the electric field of 1000

V/cm is chosen, and the mobility in this condition is recorded. Fig. 3.12 is the field-
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Figure 3.12: The field-dependent velocity of the phonon-related mechanisms with tem-
peratures. In the remote phonon calculation, (a) SiO2 is the dielectric material and (b)
HfO2 is the dielectric material.

dependent velocity of the phonon-related mechanisms mechanisms at different temper-

atures. As the temperature decreases, the velocity increases. This trend is due to the

reduced phonon scattering at lower temperatures. Additionally, as the electric field in-

creases, the velocity reaches saturation due to higher scattering corresponding to higher

electron energy.

Fig. 3.13 is the summary of the mobility changing with the temperature of the

phonon-related scattering transitions. In the remote phonon calculation, the dielectric

layer is considered as HfO2. The mobility is extracted under the electric field 1000 V/cm.

Firstly, the intrinsic phonon scattering is discussed. Intrinsic phonon means the phonon

is oriented from the material itself. There are acoustic phonon scattering, optical phonon

scattering, and equivalent intervalley scattering. From the result, we observe that acoustic

phonon scattering dominates since the purple line has an obvious drop, compared with

the orange and blue lines. That is, acoustic phonon scattering is more severe than optical

phonon scattering and equivalent intervalley scattering.
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Figure 3.13: The mobility of various phonon scattering mechanisms with temperatures.
In the remote phonon calculation, HfO2 is the dielectric material.

However, in terms of extrinsic phonon, which means remote phonon is also taken

into account, the remote phonon takes the role. The purple and blue lines in Fig. 3.13 are

the simulation that considers remote phonon. The sharp decrement of mobility represents

the remote phonon from HfO2 induces the scattering. Therefore, the choice of dielectric

material is important in carrier transport property.

3.3 Surface Roughness Scattering

Surface roughness scattering occurs when electrons move around the interface of two

materials. The imperfection surface causes fluctuations in the potential energy landscape,
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leading to scattering events that affect the motion of the electrons, and this mechanism is

independent of the temperature. Eq. 2.23 represents the roughness degree of the interface,

and it is simplified by using the Gaussian equation. Fig 3.14 shows the roughness in 2D

space with different Gaussian broadening magnitudes (𝜆 in Eq. 2.23).

Broadening smaller

Figure 3.14: The schematic of the surface roughness in 2D space simplified by Gaussian
equation. The different broadening describes the various roughness magnitudes.

In this part, the degree of the roughness is changed, and the electron distribution is

assumed the same. That is, our discussion can focus on the relation between roughness

parameters and scattering rate. The maximum potential change is the difference between

the conduction band edge of silicon and HfO2, and it is set as 1.3 eV (𝛿𝑈 ) in our calcu-

lation. Fig. 3.15 is the scattering rate result of different roughness parameters. As the 𝜆

is smaller, it means the broadening of the roughness is larger. Therefore, when the carrier

transports in this 2D space, it has more possibility to meet the roughness island and this

leads to the scattering rate increases.

3.3.1 Field-dependent Mobility in Surface Roughness Scattering

After calculating the surface roughness scattering rate, we discuss the effect of this

mechanism on electron mobility. Fig. 3.16 is the result. The phonon mobilities are also

shown in this figure. The below blue and green curves are the mobility with different
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Figure 3.15: The surface roughness scattering rate with different 𝜆 and Δ.

degrees of surface roughness. We compare the mobility changes with and without con-

sidering surface roughness. In the remote phonon part, HfO2 is chosen as the dielectric

layer. From this plot, we can realize that after surface roughness is added to the system, the

mobility decreases at low temperatures. However, at room temperature, the mobilities are

close to the purple curve, which represents the total phonon mobility. This phenomenon

indicates that phonon-related scattering still dominates at room temperature, but as the

temperature declines, the effect of surface roughness takes place.

3.4 Remote Coulombic Scattering

Remote Coulombic scattering is induced from the charges located in the oxide or at

the oxide-semiconductor interface. Due to the propagation of the Coulomb potential, the

transport property of the carrier in the channel is influenced. Since the Coulomb force is

related to the distance between the oxide charges and channel carriers, knowing the distri-
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Figure 3.16: Themobility of phonon-related scatteringmechanisms and the surface rough-
ness with different roughness parameters.

bution of the carriers in the channel is vital. Therefore, in the remote Coulombic scattering

rate calculation, the wavefunction is used to calculate the integral of Coulomb potential

and the carrier distribution. In terms of the following calculation, we choose a similar 2D

electron gas density in the inversion layer (N𝑖𝑛𝑣) under temperatures (around 1.0 × 1012

cm−2). As the N𝑖𝑛𝑣 is set, the magnitude of the screening effect is fixed. Therefore, we

can focus on the relation between oxide fixed charge density and the scattering rate. A

detailed discussion of the carrier density and screening effect is in session 3.7.

Fig. 3.17 shows the scattering rate with different oxide fix charge densities (N𝑓𝑖𝑥).

The position of the fixed charge in both cases is set as 1 nm away from the interface.

From the result, we can observe the scattering rate rise as the N𝑓𝑖𝑥 increases due to more
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Figure 3.17: The Scattering rate of remote Coulombic scattering with 𝑁𝑓𝑖𝑥 = 1.0 × 1012

cm−2 and 𝑁𝑓𝑖𝑥 = 1.0 × 1013 cm−2 at various temperatures.

charges form the Coulomb potential. Besides, the decrement of the scattering rate as the

temperatures lowered can be observed. This phenomenon results from the increment of the

screening effect at low temperatures. In Eq. 2.18, the second term on the right-hand side,

which represents the screening effect increases, and this leads to the scattering potential

being smaller. Therefore, the scattering rate decreases.

3.4.1 Field-dependent Mobility in Remote Coulombic Scattering

After calculating the scattering rate, we further investigate the influence of remote

Coulombic scattering. We compare the mobility decrement before and after considering

the remote Coulombic scattering. Fig. 3.18 is the mobility result considering the remote

Coulombic scattering.

Here, the HfO2 is used as the dielectric layer to calculate the remote phonon scat-

tering. The surface roughness parameters used in the simulation are 𝜆 = 1.0 nm and

Δ = 0.5 nm. After considering the remote Coulombic scattering, the mobility declines in

low temperatures. As the 𝑁𝑓𝑖𝑥 = 1.0 × 1013 cm−2, the drop occurs. As the temperature
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Figure 3.18: Mobility of the phonon-related scattering mechanisms and considering with
the remote Coulombic scattering which 𝑁𝑓𝑖𝑥 = 1.0 × 1012 cm−2 and 1.0 × 1013 cm−2

under temperatures.

close to 300K, the mobility merges with the result that only considers phonon. That is,

phonon-related scattering is the primary factor at room temperature.

3.5 Impurity Scattering

The physics of impurity scattering is similar to the remote Coulombic scattering. The

scattering potential is formed by ionized impurities due to the Coulomb force. Compared

with the remote Coulombic scattering, the charges causing the potential located in the

channel. Therefore, with the same fixed-charge concentration, the impurity scattering
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rate is larger than the remote Coulombic scattering rate. In the scattering rate estimation,

the wavefunction is also needed, and it is used to calculate the integer with the scattering

potential formed by the ionized impurity.
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Figure 3.19: The Scattering rate of impurity scattering with 𝑁𝑖𝑚𝑝 = 5.0×1011 cm−2 and
𝑁𝑖𝑚𝑝 = 2.5 × 1012 cm−2 at various temperatures.

Fig. 3.19 is the impurity scattering rate with the impurity concentration is 1.0 × 1018

cm−3 and 5.0×1018 cm−3. These values should be normalized by the device width of 9.0

nm. Therefore, the impurity concentration are 5.0 × 1011 cm−2 and 2.5 × 1012 cm−2.The

similar 2D electron gas density in the inversion layer (N𝑖𝑛𝑣) under temperatures (around

1.0 × 1012 cm−2) are chosen. First, the scattering rate increment with the higher impurity

concentration can be observed. Further, the scattering rate is smaller as the temperature

decreases, due to the screening effect being stronger (Eq. 2.18) at low temperatures.

3.5.1 Field-dependent Mobility of Impurity Scattering

After calculating the scattering rate, we further investigate the effect of impurity scat-

tering. We compare the mobility changes with and without the impurity scattering. Fig.

3.20 is the mobility result with the impurity scattering. In remote phonon calculation,

HfO2 is used as the dielectric layer. The surface roughness parameters used in the simu-
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Figure 3.20: Mobility of the phonon-related scattering mechanisms and considering with
the impurity scattering which 𝑁𝑖𝑚𝑝 = 5.0 × 1011 cm−2 and 2.5 × 1012 cm−2 under
temperatures.

lation are 𝜆 = 1.0 nm and Δ = 0.5 nm. The fixed charge density in remote Coulombic

scattering is set as 1.0×1012 cm−2, since 1.0×1013 cm−2 is too large to observe the effect

of impurity scattering. From the results, we can observe that the lower three curves (light-

blue, blue, and brown) merge as the temperature approaches room temperature. At low

temperatures, impurity scattering slightly influences mobility under these circumstances,

since the impurity density is similar or lower than the fix charge density in remote Coulom-
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bic scattering.

3.6 Total Mobility with Device 2D-DDCC Simulation

In this section, we connect the 2D device simulation result and the aforementioned

scattering mechanisms calculation. To begin with, we use the 2D-DDCC to calculate the

2D band diagram of the device under the different gate voltage and at various tempera-

tures. Next, solve the Schrodinger equation to obtain the wavefunctions based on the band

diagram of the device. Further, applying the wavefunctions results in the scattering rate

calculation. Finally, perform the Monte Carlo method to estimate the total mobility of

electrons in the device under different gate voltages and at various temperatures.

3.6.1 2D Simulation Structure

Based on Fig. 3.1, we build a 2D device simulation to calculate the band diagram

of the region around the gate. This region is simplified as a double-gate transistor (Fig.

3.21). The doping concentration used in the simulation is shown in the figure. The oxide

region is used SiO2 and HfO2 in the further discussion.

3.6.2 Wavefunction Results

According to the above simulation structure, the gate bias is applied. Then, the in-

version layer is formed, and electrons can transport through the channel. Further, the

wavefunctions in the different inversion layers under temperatures are solved. Based on

these wavefunctions, the scattering rate can be calculated under each circumstance. The

result with the same temperature is compared together to let us investigate the relation
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Figure 3.21: 2D simulation structure.

between mobility and the inversion concentration.

Fig. 3.22 is the wavefunction result under the different temperatures and inversion

concentration is 1.0 × 1012 cm−2 and 5.0 × 1012 cm−2.

3.6.3 ScatteringRate underTemperatureswithVarious InversionLayer

Concentration

Based on the wavefunctions results in the last subsection, the scattering rates can

be obtained as the calculation in sections 3.2 to 3.5. Fig. 3.23 is the surface roughness

scattering rate with different inversion concentrations. From Eq. 2.24, the magnitude

of the electron distribution around the surface is quite important to calculate the surface

roughness scattering rate. Therefore, from this result, we can observe the scattering rate

enhanced as the inversion concentration larger. That is, higher N𝑖𝑛𝑣 means more electrons

distribute around the surface, and their motions have much probability of being influenced

by the surface roughness.

Next, we discuss the changing of remote Coulombic scattering with various inversion
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Figure 3.22: Wavefunctions result with inversion concentration is 1.0 × 1012𝑐𝑚−2 and
5.0 × 1012𝑐𝑚−2. The black solid line represents the conduction band.

densities. In Fig. 3.24, the fixed charge density is set as 1.0×1013 cm−2, and the scattering

rate decreases as the inversion layer concentration rises. This is because of the screening

effect of the carriers in the channel. Higher 𝑁𝑖𝑛𝑣 represents the stronger screening effect;

therefore, the less scattering events happen at higher 𝑁𝑖𝑛𝑣.
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Figure 3.24: Remote Coulombic scattering rate (𝑁𝑓𝑖𝑥 = 1.0×1013cm−2) calculated from
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Figure 3.25: Impurity scattering rate (𝑁𝑖𝑚𝑝 = 5.0×1011cm−2) calculated from the wave-
functions with different inversion layer concentrations.

Moreover, the impurity scattering rate is also discussed. Fig. 3.25 is the impurity

scattering with the different inversion layer density, and the impurity concentration is

5.0 × 1011 cm−2. Similar to the tendency of remote Coulombic scattering rate, the impu-

rity scattering is reduced as the 𝑁𝑖𝑛𝑣 increases. This phenomenon also resulted from the

screening of the channel carriers.

3.6.4 Mobility under Temperatures with Different Inversion Layer

Concentration

After calculating the scattering rate, the electron mobility can be obtained by the

Monte Carlo method. The parameters set are the same as in the above discussion. Fixed

charge density in the oxide is set as 1.0 × 1013 cm−2, and impurity concentration is 5.0 ×

1011 cm−2. In terms of oxide, to reach the same EOT as SiO2 is 1 nm, the thickness of

HfO2 is set as 6.15 nm. In surface roughness scattering, two sets of parameters are used.
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They are 𝜆 = 1.0 nm and Δ = 0.5 nm for HfO2 and 𝜆 = 1.0 nm and Δ = 0.2 nm for

SiO2, by considering the energy difference between the surface of Si/HfO2 (1.3 eV) and

Si/SiO2 (3.1 eV).

Fig. 3.26 is the summary of the mobility with different N𝑖𝑛𝑣 under temperatures.

From the results, we can observe a downward concave trend of electron mobility with

respect toN𝑖𝑛𝑣. This phenomenon results from the competition between surface roughness

scattering and remote Coulombic scattering. At lower inversion regions, the screening

effect is weak, and the remote Coulombic scattering rate is higher. As the N𝑖𝑛𝑣 rises,

the remote Coulombic scattering rate starts to decrease. On the other hand, the surface

roughness scattering starts to increase, due to the higher electron distribution around the

surface. During this process, the mobility reaches the highest value. Then, at the high

N𝑖𝑛𝑣 region, the effect from surface roughness scattering takes place, and the influence

from the remote Coulombic scattering is weakened.
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Figure 3.26: (a) Mobility of the system that dielectric layer is SiO2. N𝑓𝑖𝑥 in remote
Coulombic scattering is 1.0×1013 cm−2. N𝑖𝑚𝑝 in impurity scattering is 5.0×1011 cm−2.
The parameters used in surface roughness calculation is 𝜆 = 1.0 nm and Δ = 0.2 nm and
(b) Mobility of the system that dielectric layer is SiO2. N𝑓𝑖𝑥 in remote Coulombic scatter-
ing is 1.0 × 1013 cm−2. N𝑖𝑚𝑝 in impurity scattering is 5.0 × 1011 cm−2. The parameters
used in surface roughness calculation is 𝜆 = 1.0 nm and Δ = 0.5 nm.

Fig. 3.27 shows the overall scattering rate changes with N𝑖𝑛𝑣 under 50K and 300K
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of SiO2 is the dielectric layer and the surface roughness parameters are 𝜆 = 1.0 nm and

Δ = 0.2 nm and HfO2 is the dielectric layer and the surface roughness parameters are

𝜆 = 1.0 nm and Δ = 0.5 nm, respectively. To begin with, at 50K, the phonon-related

scattering rate magnitudes are lower than those at 300 K. Moreover, at both of these tem-

peratures, we can observe the competition between remote Coulombic scattering and sur-

face roughness (red and blue curves) with different N𝑖𝑛𝑣. At low N𝑖𝑛𝑣, remote Coulombic

scattering dominates. With the rising of N𝑖𝑛𝑣, the surface roughness rate increases, and

remote Coulombic scattering becomes lower. As the N𝑖𝑛𝑣 is larger, the surface rough-

ness scattering rate reaches the magnitude of the remote Coulombic scattering rate. In

terms of the ratio of these two mechanisms to the total scattering rate, since the phonon

scattering rate is higher at 300K, the mobility change owing to the alternation of these

two mechanisms is not that obvious, compared with the case under 50K. In addition, by

comparing the different dielectric material cases, the higher remote phonon scattering can

be observed in Fig. 3.27 (c) and (d). Notably, in the case of SiO2, the effect of acoustic

phonon scattering is more significant than that of remote phonon scattering.

Then, we discuss the scattering rates change with temperatures under different N𝑖𝑛𝑣.

Fig.3.28 shows the overall scattering rates change with temperatures with N𝑖𝑛𝑣 ∼ 1.0 ×

1012 cm−2 and 5.0 × 1012 cm−2. To begin with, as the temperature decreases, except for

surface roughness scattering, the scattering rates of all the other mechanisms decline. For

phonon-related scattering, this is because of the less heat fluctuation. For remote Coulom-

bic scattering and impurity scattering, this phenomenon is due to the higher screening ef-

fect in low temperatures. Moreover, by comparing Fig.3.28 (a) and (b), it can be seen that

except for remote Coulombic scattering, impurity scattering, and surface roughness scat-

tering, the relationship of other scattering mechanisms with temperature is not affected
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Figure 3.27: The overall scattering rates (electorn energy=0.001 eV) changing with N𝑖𝑛𝑣
at (a) 50K and (b) 300K. SiO2 is used as the dielectric. The surface roughness parameters
are set as 𝜆 = 1.0 nm and Δ = 0.2 nm. (c) 50K and (d) 100K. HfO2 is used as the
dielectric. The surface roughness parameters are set as 𝜆 = 1.0 nm and Δ = 0.5 nm.
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by changes in N𝑖𝑛𝑣 concentration. In addition, by comparing the different dielectric ma-

terial cases, the larger remote phonon scattering rate can be observed in Fig.3.28 (c) and

(d). The value is close to that of remote Coulombic scattering and surface roughness scat-

tering, indicating that the effect of remote phonon scattering is significant under these

circumstances.

To sum up, except for surface roughness scattering, all other scattering mechanisms

vary with temperature. Additionally, the scattering mechanisms that are influenced by

N𝑖𝑛𝑣 concentration include remote Coulombic scattering, impurity scattering, and surface

roughness scattering. Under low-temperature conditions, the influence of surface rough-

ness scattering, remote Coulombic scattering, and impurity scattering are evident, but the

effect magnitude is related to the surface roughness, oxide charge density, and impurity

concentration. At room temperature, phonon-related scattering dominates. Additionally,

if considering the high-𝜅material, the effect of remote phonon is important. Take HfO2 in

our research for example, the remote phonon scattering rate is close to the remote Coulom-

bic scattering rate and the surface roughness scattering rate.
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Figure 3.28: The overall scattering rates (electron energy=0.001 eV) changing with tem-
peratures at (a) N𝑖𝑛𝑣 ∼ 1.0 × 1012 cm−2 and (b) N𝑖𝑛𝑣 ∼ 5.0 × 1012 cm−2. SiO2 is used
as the dielectric. The surface roughness parameters are set as 𝜆 = 1.0 nm and Δ = 0.2
nm. (c) N𝑖𝑛𝑣 ∼ 1.0 × 1012 cm−2 and (d) N𝑖𝑛𝑣 ∼ 5.0 × 1012 cm−2. HfO2 is used as the
dielectric. The surface roughness parameters are set as 𝜆 = 1.0 nm and Δ = 0.5 nm.
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Chapter 4

Conclusion

This thesis provides a study of the electron transport properties in silicon (110) con-

finement systems under the cryogenic. To begin with, we investigated various scatter-

ing mechanisms that impact electron mobility at low temperatures. Different from the

room temperature, remote Coulombic scattering, impurity scattering, and surface rough-

ness scattering should be taken into consideration in the low-temperature carrier transport

property research. The scattering rate calculation model is built and the scattering rate of

each scattering mechanism is acquired with different temperatures.

As the temperature decreases, the scattering effects from the phonon are reduced. For

the mechanisms with the phonon energy emission, the scattering rate keeps at a certain

magnitude, due to the saturation phonon occupation in the emission mode. On the other

hand, the absorption scattering rate becomes quite small and can be neglected. Besides,

the effect of the surface roughness scattering, remote Coulombic scattering and impurity

scattering take place at low temperatures. At the same time, the screening effect from the

channel carrier has to be considered. In the low channel carrier concentration condition,

the remote Coulombic scattering rate and impurity scattering rate rise, and the electron
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mobility is reduced. However, if the screening effect is strong, the remote Coulombic

scattering rate and impurity scattering rate become smaller and the surface roughness scat-

tering plays a role.

In summary, this research has advanced our understanding of electron transport in

silicon (110) confinement systems under the cryogenic. The cryogenic model from this

study can be applied to calculate the carrier mobility of other systems like the device with

other silicon orientations at low temperatures. Also, additional scattering mechanisms can

be extended to this model to simulate the carrier transport properties of other promising

materials in the cryogenic field.
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