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Preface

For the last half-century, miniaturization of integrated circuits through transistor
scaling has been the driving force for the semiconductor technology roadmap.
The idea of a technology roadmap for semiconductors can be traced back to a
paper by Gordon Moore published in 1965, in which he predicted that the number
of transistors in a semiconductor chip will double every 18 to 24 months. This
consequently results in a reduction of the cost per elementary function (cost per bit
for memory devices, or cost per MIPS for computing devices), thus enabling the
production of more complex circuits on a single semiconductor substrate. This
trend towards miniaturization is known as ‘Moore’s Law’.

For several decades, the ability of the semiconductor industry to follow Moore’s
law has been the engine of an incredible cycle: through transistor scaling one obtains
a better performance-to-cost ratio for integrated circuits (ICs), which has resulted in
an exponential growth of the semiconductor market. This, in turn, allows further
investments in new technologies which enable further scaling. Scaling in turn,
enables creation of more complex, faster, cheaper and low-power ICs.

Moore’s Law for CMOS (complementary metal–oxide–semiconductor) scaling
has already hit the power wall. Even with new approaches for the technology
roadmap, known as ‘more-than-Moore’ scaling, which involves parallelism and
improving efficiency at all technology levels—architecture, software and devices,
thermal-power challenges and increasingly expensive energy demands still pose
threats to the rate of increase in computer performance. Many of the transistors
must be powered-down at any given time to meet the power budget. Also, even
though scaling allows a decrease in the power per transistor, the number of
transistors on a chip is increasing faster than the power requirements are falling.
During the first decades of Moore’s law, constant field scaling ensured that when the
device dimensions (along with supply voltages) were decreased by a factor F, the
power density per unit area remained constant with increasing integration density.
However, this approach had already broken down by the late 1980s as oxide
thickness became too small, hot electron and short channel effects resulted in
decreasing device performance with scaling, and power supply scaling slowed down
considerably, resulting in an increase in power density over successive generations.
As a result, clock speed has essentially remained constant over the past decade (since
power dissipation is proportional to clock speed in CMOS). Increasing power
dissipation and decreasing device dimensions also exacerbates device self-heating
effects, causing an overall degradation of the on-current due to the characteristic
phonon hot spot near the drain end of the device, which does not scale
proportionally.

It is generally acknowledged that modeling and simulation are preferred alter-
natives to trial and error approaches to semiconductor fabrication in the present
environment, where the cost of process runs and associated mask sets is increasing
exponentially with successive technology nodes. Hence, accurate physical device
simulation tools are essential to accurately predict device and circuit performance
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and to optimize design. At the nanometer scale, there are several effects that must be
accurately captured in state-of-the-art device simulation tools, including quantum
mechanical effects, the effects of random impurities due to unintentional doping,
self-consistent modeling of thermal power dissipation, and the resulting self-heating
and degradation of device performance. The development of simulation tools that
incorporate lattice heating self-consistently in the loop is of immediate need for the
semiconductor industry, to assist in better and faster design of nanoscale devices.
One such simulation approach is the topic of this book.

The initial ideas for working on the topic of self-heating came about from a
discussion in 2003 between Professors Vasileska, Ferry, and Goodnick at Arizona
State University. Shortly after these initial ideas were developed, Professor Katerina
Raleva began work on her doctorate with Professors Vasileska and Goodnick, and
most of the work presented in chapter 2 is to a large extent derived from the PhD
work of Professor Raleva. Soon it was recognized that in nanoscale devices, there is
a two-fold need for solving directly the Boltzmann transport equation for phonons
in addition to the need for solving the Boltzmann transport equation for carriers
(electrons or holes). The first is the requirement to properly account for phonon
boundary scattering, and the second one comes from the observation that in highly
scaled devices, phonons primarily travel ballistically (in the same manner the carriers
do). Hence, a phonon Monte Carlo solver was developed by PhD student Abdul
Rawoof Shaik, which is described in chapter 3 of this book.

The book contains four chapters. In chapter 1, we outline some general aspects
related to the treatment of self-heating effects in devices (sections 1.1 and 1.2).
Modeling of self-heating effects, using the commercial Silvaco ATLAS tool, is
briefly described in section 1.3. In chapter 2 we discuss the current state of the art in
modeling heating effects in nanoscale devices. We begin, in section 2.1, with some
general considerations related to the solution of the heat transport problem in
devices. Then, in section 2.2, we describe in detail the ASU thermal particle-based
device simulator and present simulation results that are obtained with it. Global
modeling that utilizes both SILVACO Atlas and our electro-thermal particle
based device simulator to account for a circuit plus interconnects is described in
section 2.3. Since in the smallest devices of interest, it is required to solve the
Boltzmann transport equation for phonons, the description of the solution is given in
chapter 3— section 3.1 (description of phonon–phonon scattering) and section 3.2
(phonon Monte Carlo description). Verification of the phonon Monte Carlo is
presented in section 3.3 and simulation results for the thermal conductivity of Si at
various temperatures are presented in section 3.4. Conclusive comments related to
this work and future directions of research are given in chapter 4. The derivation of
the energy balance equations for the optical and the acoustic phonons by taking
moments of the phonon Boltzmann transport equation is given in appendix A.
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Chapter 1

Introduction

Richard Feynman’s 1959 lecture There is plenty of room at the bottom has often been
quoted when people talk about nanoscience and nanotechnology [1]. He predicted
that ‘we will get an enormously greater range of properties that substances can have,
and of different things that we can do’ if atoms and molecules can be arranged in the
way we want. However, the real take-off of nano-related research and technological
exploitation started at about 15 years ago [2–5]. This is a logical consequence of the
developments of science and technology.

The 20th century has been called the ‘century of physics’ because of the
revolutionary development of physics and its tremendous impacts on society. A
solid foundation has been laid down to describe nature at the elementary particle
level at one end to the evolution of the Universe at the other. Of close relevance to
our life (and economy), quantum mechanics has helped us to reveal the nature of
atoms, molecules and solids. Solid state physics led to the creation and great success
of semiconductor science and engineering. Integrated circuits, laser and magnetic
disks are indispensable to information technology (IT) and our daily life.

Our understanding and exploitation of the material world around us have been
pushing forward in two opposite directions: from the bottom up [6, 7] and from the
top down. In the bottom-up approach, we start with electrons and nuclei as the basic
building blocks. The properties of atoms and most of the relatively simple molecules
(this can be called the sub-nm world) are well understood. At increasing levels of
complexity, we deal with macro-molecules, polymers, clusters and bio-molecules
(these are relatively small nanostructures which we deal with). On the other hand,
from the top-down approach, advances in micro-fabrication processes have led to a
continuous miniaturization of field effect transistors (FETs) that contain semi-
conductors (e.g. silicon), insulators (e.g. silicon dioxide), and metallic (e.g. copper
interconnects) layers only a few nanometers thick. For example, in recent years,
technology has advanced to fabricate integrated circuits (ICs) at 14 nm gate length
commercially [8]. Fabrication industry giants like Intel, TSMC, Samsung and
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Global Foundries have plans to fabricate ICs at 7 nm by 2017. Samsung has already
fabricated and tested a 128 Mb SRAM with 10 nm feature size [9]. This aggressive
scaling of technology is possible because of the advent of FinFETs, fully-depleted
silicon-on-insulator (FDSOI) device technology, and other innovations in the
microelectronics industry.

Device miniaturization is not without problems, however. More devices per unit
area results in increasingly larger amounts of heat generated per unit volume [10].
Self-heatingmay lead to a substantial increase in the effective operating temperature
of the device, which degrades the device electrical performance and also affects
device reliability. A recent study on self-heating of 14 nm down to 7 nm silicon
FinFETs shows that heat confinement in the Si channel increases by 20% and in the
strained Ge channel by 57% [11]. This, in turn, results in 70 K and 100 K changes in
the channel temperature for 14 nm and 7 nm FETs, respectively. Hence efficient heat
removal methods are necessary to increase device performance and device reliability.
A recent trend in peak efficiency versus power density of the switched capacitor
power converters shows that the efficiency decreases as power density increases [12].
This implies that the efficiency of utilizing the electrical energy in logic operations is
greatly reduced as the power density increases.

Self-heating effects are particularly important for transistors in silicon-on-
insulator (SOI) technology, where the device is separated from the substrate by a
low thermal conductivity buried silicon dioxide layer (figure 1.1), as well as copper
interconnects that are surrounded by low thermal conductivity dielectric materials
[13]. This, in turn, leads to a substantial elevation of the local device temperature
which modifies the device output characteristics. Another important aspect that
needs to be considered in nanoscale SOI devices, is a reduction of the thermal
conductivity in semiconductor thin films due to surface scattering of phonons.
For instance, bulk silicon (Si) has a thermal conductivity of 148 W m−1 K−1, while a
10 nm Si-film has around 10 times smaller thermal conductivity value, which is due
to the reduction in mean free path of phonons in confined structures.

Since the local lattice temperature is very difficult to measure, being an internal
variable, a combination of nanoscale experimental techniques combined with
accurate modeling methods must be employed in order to determine the temperature
profile in the device, particularly the so-called ‘hotspot’ where the peak temperature
occurs, as shown in figure 1.1. Accurate thermal modeling and the design of

Figure 1.1. Position of the thermal hotspot (left) and a table of the thermal conductivity (right) for materials
used in nanoscale SOI devices. Note the decrease of the thermal conductivity of 10 nm Si-film compared to the
case of bulk Si.
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microelectronic devices and thin film structures at the micro- and nanoscales poses a
challenge to electrical engineers who are less familiar with the basic concepts and
ideas in sub-continuum heat transport. This book aims to bridge that gap.

1.1 Some general aspects of heat conduction
A medium through which heat is conducted may involve the conversion of
mechanical, electrical, nuclear, or chemical energy into heat (or thermal energy).
In heat conduction analysis, such conversion processes are characterized as heat (or
thermal energy) generation. For example, the temperature of a resistance wire rises
rapidly when electric current passes through it as a result of the electrical energy
being converted to heat at a rate of I2R, where I is the current and R is the electrical
resistance of the wire. The safe and effective removal of this heat away from the
places of heat generation (the electronic circuits) is the subject of electronics cooling,
which is one of the modern application areas of heat transfer.

The rate of heat generation in a medium may vary with time as well as position
within the medium. We denote with H(x,t) the supplied heating power density for
a case of a 1D system in which we consider an element with thickness Δx, density ρ,
specific heat of the material c and area A that is normal to the direction of heat
transfer. An energy balance on this element during a time interval Δt can be
expressed as

⎛
⎝
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⎠
⎟⎟
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or in mathematical terms:
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where, F is the rate of heat conduction, that is given by the Fourier law of heat
conduction, which in 1D reads:

κ= − ∂
∂

F A
T
x

(1.2)

where κ is the thermal conductivity. The change in energy content of the element is
calculated using:

ρΔ = Δ −+ΔE cA x T T( ). (1.3)t t telement

Substituting the result from equation (1.3) into equation (1.1), and dividing by AΔx
leads to:

ρ− −
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F F
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Finally, substituting equation (1.2) into equation (1.4), and letting Δt and Δx go to
zero, gives the 1D version of the heat conduction equation:

⎜ ⎟⎛
⎝

⎞
⎠ρ κ∂

∂
= ∂

∂
∂
∂

+c
T
t x

T
x

H x t( , ). (1.5)

For the case of heat propagation in a 3D isotropic and inhomogeneous medium, the
heat transport equation is of the form:

ρ κ∂
∂

= ∂
∂

= ∇ ⋅ ∇ +c T
T
t

C T
T
t

T T H tr r r r( , ) ( , ) ( ( , ) ) ( , ) (1.6)

where C(r,T) is position and temperature dependent heat capacity and H(r,t) is the
supplied heating power.

As we clearly see from the derivation presented above, the heat conduction
equation is a consequence of Fourier’s law of cooling. If the medium is not the whole
space, in order to solve the heat conduction equation uniquely we also need to
specify boundary conditions for T. To determine uniqueness of solutions in the
whole space it is necessary to assume an exponential bound on the growth of
solutions, this assumption is consistent with observed experiments. Solutions of the
heat equation are characterized by a gradual smoothing of the initial temperature
distribution by the flow of heat from warmer to colder areas of an object. Generally,
many different states and starting conditions will tend toward the same stable
equilibrium. As a consequence, to reverse the solution and conclude something
about earlier times or initial conditions from the present heat distribution is very
inaccurate except over the shortest of time periods. (The heat equation is the
prototypical example of a parabolic partial differential equation.)

At nanometer length scales, the familiar continuum Fourier law for heat
conduction fails due to both classical and quantum size effects [14–16]. The past
two decades have seen increasing attention to thermal conductivity and heat
conduction in nanostructures. Experimental methods for characterizing the thermal
conductivity of thin films and nanowires have been developed and are still evolving.
Experimental data have been reported on various nanostructures: thin films,
superlattices, nanowires, and nanotubes. Along the way, models and simulations
have been developed to explain the experimental data.

The rest of this section summarizes some past work and the current understanding
of heat conduction in nanostructures. We first give a brief overview of the
fundamental physics that distinguishes phonon heat conduction in nanostructures
from that in macrostructures. Then we discuss some of the size effects in nano-
structures that impact their thermal conductivity.

Heat conduction in dielectric materials and most semiconductors is dominated
by lattice vibrational waves. The basic energy quantum of lattice vibrations is
called a phonon, analogous to a photon which is the basic energy quantum of an
electromagnetic wave. Similar to photons, phonons can be treated as both waves
and particles. Size effects appear if the structure characteristic length is comparable
to or smaller than the phonon characteristic lengths. Two kinds of size effects

Modeling Self-Heating Effects in Nanoscale Devices

1-4



can exist: the classical size effect, when phonons can be treated as particles, and the
wave effect, when the wave phase information of phonons becomes important.
Distinction between these two regimes depends on several characteristic lengths
[17]. In this context, the important characteristic lengths of phonon heat
conduction are the mean free path, the wavelength, and the phase coherence
length [18]. The mean free path is the average distance that phonons travel between
successive collisions. The mean free path Λ is often estimated from kinetic theory
and is used in the calculation of the thermal conductivity of the material/structure
of interest as:

κ = ΛC v
1
3

(1.7)V P

In equation (1.7) CV and vP are the volumetric specific heat capacity of a phonon,
and the phonon velocity inherent in a material. In silicon, for example, the phonon
mean free path is on the order of ∼300 nm [19] at room temperature in bulk
materials. The phase of a wave can be destroyed during collisions, which is typically
the case in inelastic scattering processes, such as phonon–phonon scattering.

Figure 1.2 compares the dimensions of several nanostructures (e.g. an SOI device
and a superlattice structure) with the dominant phonon mean free path (MFP) and
wavelength at room temperature. The graph also provides a general guideline for the
appropriate treatment of phonon transport in nanostructures. Phonon transport can
be predicted using the Boltzmann transport equation (BTE) for each type of
phonon, which are required only when the scattering rates of electrons or phonons
vary significantly within a distance comparable to their respective mean free paths.

The phonon BTE simply takes care of the bin counting of the energy of carrier
particles of a given velocity and momentum, scattering in and out of a control

Figure 1.2. Regime map for phonon transport in ultra-thin silicon layers. The mean free path, Λ, is the
distance that phonons travel on average before being scattered by other phonons or crystal defects. If the
dimensions of the silicon layer are smaller than Λ, the phonon Boltzmann transport equation should be used
for heat transfer analysis of the thin film. The dominant phonon wavelength, λ, at room temperature, is on the
order of 2–3 nm. Analogously, phonon wave simulations should be performed for devices with thicknesses
comparable to λ.
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