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Abstract Thermal analysis has long been essential for designing reli-
able, high-performance, cost-effective integrated circuits (1Cs). Increasing
power densities are making this problem more important. Characterizing
the thermal pro le of an IC quickly enough to allow feedback on the
thermal effects of tentative design changes is a daunting problem, and
its complexity is increasing. The move to nanoscale fabrication processes
is increasing the importance of quantum thermal phenomena such as
ballistic phonon transport. Accurate thermal analysis of nanoscale I1Cs
containing hundreds of millions of devices requires characterization of
thermal effects on length scales that vary by several orders of magnitude,
from nanoscale quantum thermal effects to centimeter-scale cooling
package impact. Existing chip package thermal analysis methods based
on classical Fourier heat transfer cannot capture nanoscale quantum
thermal effects. However, accurate device-level modeling techniques, such
as molecular dynamics methods, are far too slow for use in full-chip 1C
thermal analysis.

In this work, we propose and develop ThermalScope, a multi-scale
thermal analysis method for nanoscale IC design. It uni es microscopic
and macroscopic thermal physics modeling methods, i.e., the Fourier and
Boltzmann transport modeling methods. Moreover, it supports adaptive
multi-resolution modeling. Together, these ideas enable ef cient and
accurate characterization of nanoscale quantum heat transport as well
as chip package level heat ow. ThermalScope is designed for full-chip
thermal analysis of billion-transistor nanoscale IC designs, with accuracy
at the scale of individual devices. ThermalScope enables accurate char-
acterization of temperature-related effects, such as variation in leakage
power and delay. ThermalScope has been implemented in software and
used for full-chip thermal analysis and temperature-dependent leakage
analysis of an IC design with more than 150 million transistors. It will
be publicly released for free academic and personal use.

. INTRODUCTION

Process scaling and increasing device density increase power
density and thermal effects. Increased integrated circuit (IC) power
consumption and temperature affect circuit performance (via reduced
transistor carrier mobility [1], decreased threshold voltage, and in-
creased interconnect resistance), reliability (via electromigration [2],
dielectric breakdown, and negative body biasing), power consumption
(via increased sub-threshold current [3]), and cooling cost. IC thermal
analysis is thus critical because it is possible to improve performance,
reliability, and power consumption via run-time thermal management
techniques as well as by considering thermal issues during the design
process.

CMOS technology is fast approaching the nanometer-scale regime.
45nm CMOS fabrication technology is entering mainstream use. In
the coming ve years and beyond, ultra-thin body device structures,
such as multi-gate MOSFET (FinFET) and silicon-on-insulator (SOI),
will be used for mainstream ICs. Quantum thermal effects will
become prominent in nanoscale devices. When the mean free path
of phonons (lattice vibrations) approaches the device feature scale,
ballistic phonon transport serves as the main mechanism of heat
transfer. Heat transport within nanoscale devices is strongly affected
by interface scattering and re ection effects. IC thermal analysis thus
requires accurate modeling of heat transport across multiple scales,
from nanoscale on-chip devices, through millimeter-scale silicon chip
and centimeter-scale cooling package, to the ambient environment.
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Conventional chip package thermal analysis techniques have been
so slow that evaluating numerous design alternatives was pro-
hibitively expensive during IC design [4], [5], [6]. As a result, most
thermal optimization was done during packaging and cooling solution
design. Unfortunately, by that time the design is already tightly
constrained. Recently, a number of researchers have developed fast
thermal analysis techniques for use during the IC design process [7],
[81, [9], [10], [11], [12], [13], [14], [15]. Using these methods, heat
transfer through chip and cooling package is modeled using the
classical Fourier transport model. IC chip and cooling packages are
virtually partitioned into discrete three-dimensional thermal elements.
Compact heat transfer equations are then derived and solved using
numerical methods to characterize the thermal pro le of IC chip and
cooling package. Although some of these techniques are fast enough
for use during IC design and within run-time thermal management
techniques, they are all based on the Fourier heat ow model. This
model cannot capture phonon quantum thermal effects and yields
inaccurate results when used at length scales on the order of phonon
mean free path [16]. These observations are supported by the data
presented in Section IV-A.

Techniques with different delities and ef ciencies have been
developed to model nanoscale device-level phonon heat transport,
including molecular dynamics methods, Boltzmann transport equa-
tion (BTE), and ballistic-diffusion model. Computational complexity
has been the primary challenge of adopting nanoscale heat transfer
methods for large-scale IC chip package thermal analysis. Molecular
dynamics methods model heat transfer by directly simulating inter-
atomic interactions [17]. Approaches implemented using this method
are highly accurate. However, they are extremely computationally ex-
pensive. The BTE method and its variants model heat transfer by sim-
ulating the transport of phonons [18]. It can accurately approximate
ballistic phonon transport. BTE methods are much more ef cient
than molecular dynamics methods. However, their computational
complexity remains prohibitive, and their use has been restricted to
device-level analysis. The ballistic-diffusion based thermal analysis
method is an approximation of the Boltzmann transport method [19].
Although the ballistic-diffusion model is the most ef cient of these,
it is still much more computationally-demanding than the Fourier
model. In addition, results from the ballistic-diffusion model tend to
have low delity [19].

In summary, there is a gap between the ef ciency and accuracy
of nanoscale and chip-package thermal analysis techniques that
must be closed if high-quality temperature-aware design techniques
and run-time thermal management algorithms are to be developed
for ICs composed of nanoscale devices. Our goal is to close this
gap. We propose and develop a multi-scale solution, named Ther-
malScope, for uni ed device chip package thermal analysis target-
ing billion-transistor nanoscale ICs. ThermalScope is a multi-scale
solver that integrates microscopic and macroscopic thermal physics
modeling methods (enabling characterization of nanoscale quantum
heat transport as well as chip package level heat ow), detailed
and compact numerical analysis techniques (allowing the usage of
computationally-intensive non-classical device-level modeling within
full-chip thermal characterization), and multi-resolution adaptive
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modeling granularities (permitting modeling on length scales ranging
from nanoscale devices to centimeter-scale packaging and cooling
structures). The proposed solution overcomes the limitations of ex-
isting chip package level and device-level thermal analysis methods.
It provides a uni ed modeling infrastructure for IC heat ow analysis
from nanoscale devices to billion-device IC chips. We have applied
ThermalScope to an IC design containing over 150 million transistors.

The rest of this article is organized as follows. Section Il intro-
duces the nanoscale IC thermal analysis problem and highlights the
challenges of ef cient and accurate thermal analysis of nanoscale
ICs. Section 111 describes the proposed multi-scale thermal analysis
method. Section IV evaluates and demonstrates the use of Ther-
malScope. We conclude in Section V.

Il. CHALLENGES

This section gives an overview of the IC thermal analysis prob-
lem, and discusses the challenges for accurate thermal analysis of
nanoscale ICs.

IC thermal analysis is the process of characterizing the three-
dimensional thermal pro le of an IC chip and cooling package. An
IC thermal pro le is a complex function of its design, fabrication
technology, cooling and package con guration, power consumption,
and ambient environment. The thermal pro le of a nanoscale IC
depends on power consumption variation at multiple scales. Hotspots
in the active layer are often caused by high power density functional
units, e.g., a oating point unit. Inside a transistor, a hotspot often
occurs near the drain terminal region, mainly due to the accumulation
of slow-moving (optical) phonons (which are quanta of vibrational
energy, i.e., heat particles). IC thermal analysis thus requires accurate
modeling of heat transport across multiple scales, from nanoscale
on-chip devices through millimeter-scale silicon chip and centimeter-
scale cooling package to the ambient environment.

The Fourier heat diffusion model has been widely used in recently-
developed IC chip package thermal analysis packages [7], [8], [9],
[10], [11], [12], [13], [14], [15]. In the classical Fourier model, the
temperature distribution is governed by the Fourier heat conduction
equation. This model incorrectly implies that thermal effects will not
worsen as device dimensions are scaled down if power dissipation per
unit length remains constant, as prescribed in the ITRS roadmap [20].
However, the conventional diffusive treatment of heat transfer is no
longer valid at length scales less than the phonon mean free path in
silicon, i.e., 200 300 nm. This is analogous to the failure of the drift
and diffusion model for describing electron transport in nanoscale
MOSFETS, for which the critical dimension is only a few electron
mean free paths. Ballistic phonon transport implies reduced effective
thermal conductivity in proportion to the ratio of the hotspot size
to the phonon mean free path. It is expected that heat conduction in
nanometer-scale circuits will deviate considerably from that predicted
by the Fourier model due to ballistic phonon transport and the nite
relaxation time of heat carriers, and this is supported by the data
presented in Section IV-A. In addition, the microelectronics industry
is fast approaching the scaling limits of bulk CMOS. 32 nm or 22 nm
features appear to be the end of the road. As a result, there is
extensive research on thin- Im SOI, FinFET, and other novel device
structures. Many of these unconventional structures will introduce
new thermal problems that did not exist for bulk silicon. In the case
of thin- Im SOI and FinFET, the presence of boundary scattering
at the many material interfaces and the thick insulating Ims can
raise thermal resistance substantially. Figures 1 and 3 show the top
view of thermal pro les of 65nm bulk silicon and FinFET devices
simulated using ThermalScope, the proposed multi-scale thermal
analysis solution. Figures 2 and 4 show the corresponding results
for a Fourier-only based solver. These gures demonstrate that the
Fourier-only solver results not only deviate in the peak temperature
reported by ThermalScope, but also deviate in the thermal pro le
itself. For FinFETS, the difference between the results reported by the
two methods is more signi cant, mainly due to boundary scattering
at the interface with the oxide layer surrounding the device, which

cannot be captured by the Fourier heat ow model.
In summary, thermal analysis for nanoscale ICs raises the following
challenges:

1) The major challenges of numerical thermal analysis of nanoscale
devices and ICs are high computational complexity and memory
usage. Accurate thermal analysis requires the use of detailed nu-
merical analysis methods with ne-grain models. For nanoscale ICs,
from nanometer-scale transistors to centimeter-scale cooling package,
the modeling granularities vary by several orders of magnitude. IC
chip package level thermal analysis with accurate characterization
of individual on-chip devices will introduce tremendous computation
and memory overheads.

2) Accurate thermal analysis requires uni ed heat transport mod-
eling from nanoscale devices to the chip package level. However,
chip package level thermal analysis and device-level thermal analysis
are currently two isolated research elds. The Fourier heat diffusion
model has been widely used for fast chip package level thermal
analysis. However, it does not accurately capture nanometer-scale
quantum thermal effects. Device-level modeling techniques, such as
molecular dynamics and BTE, model nanoscale quantum thermal
effects. However, their use has been limited to individual devices
due to their high computational complexities.

I1l. THERMALSCOPE: A MULTI-SCALE THERMAL ANALYSIS
INFRASTRUCTURE
In this section, we present ThermalScope, the proposed multi-scale
thermal analysis solution for nanoscale ICs.

LA, Overview

Figure 5 illustrates the ow of ThermalScope. ThermalScope is
a multi-scale solution that integrates microscopic and macroscopic
thermal physics modeling methods, as well as multi-resolution
macromodeling techniques. In contrast with existing Fourier-based
chip package thermal analysis methods, ThermalScope uses accurate
BTE analysis to capture quantum thermal effects that are com-
mon at nanometer length scales. BTE analysis can be extremely
time-consuming, even for a single device, which is why a hybrid
Fourier/BTE method using adaptive spatial discretization is used
for thermal analysis at the device level. This accelerates thermal
analysis by orders of magnitude compared to BTE, while maintaining
accuracy. However, it is still too slow for full chip thermal analysis.
A multi-scale macromodeling method was developed that enables
fast full-chip thermal analysis with accuracy even at the scales
of individual devices. The macromodel contains thermal impact
coef cients that ef ciently characterize thermal interactions among
thermal modeling elements from the chip package to the inter-device
level. Hierarchical multi-scale partitioning and clustering techniques
are used to partition the IC into modeling elements. In addition,
the macromodel contains a look-up table, constructed using hybrid
Fourier/BTE analysis, for accurate and ef cient device-level thermal
modeling. In summary, ThermalScope provides a uni ed modeling
infrastructure for IC heat ow analysis from nanoscale devices to
billion-device IC chips.

The rest of this section details the techniques and algorithms of the
proposed thermal analysis infrastructure. Section I11-B  rst describes
the microscopic and macroscopic thermal physics modeling methods
developed in ThermalScope. Next, Section I11-C describes the hybrid
Fourier/BTE analysis method. Finally, Section IlI-D describes the
design of the multi-scale macromodeling method.

111.B. Modeling

ThermalScope uses both Fourier and BTE modeling methods to
characterize the thermal effects from nanometer-scale devices to
centimeter-scale chip and package. This section describes thermal
physics models and explains their use in ThermalScope.

111.B.1) Fourier Model: The steady state classical Fourier model
is characterized by the following equation [18]:

(K T)+aqua =0 )
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