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Abstract

The Complementary metal-oxide-semiconductor (CM@8J)ice has been rapidly evolving and its size has
been drastically decreasing ever since it was fabticated in 1960 [Us Patent 3,356,858: 1967]e Th
substantial reduction in the CMOS device size kdstd short channel effects which have resultethén
introduction of Fin Field Effect Transistor (FinFETa tri-gate transistor built on a silicon on itetar
(SOI) substrate. Furthermore, due to the geomdtthe FinFET the severity of the heating problens ha
dramatically increased. Self-heating in the 3-digi@mal FINFET device enhances the temperature
gradients and peak temperature, which decrease duivent, increase the interconnect delays anchdeg
the device and interconnect reliability. In this nrwove have proposed a methodology to develop an
accurate thermal model for the FINFET through ardgs physics-based mathematical approach. A
thermal circuit for the FinFET will be derived frothe model. This model will allow chip designers to
predict interconnect temperature which will leaérthto achieve cost-effective design for the FInFET-
based semiconductor chips.
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1. Introduction

Majority of integrated circuits produced in CMOSheology are based on a pair of complementary
MOSFETSs including n-channel and p-channel fielceeffftransistors. The n-channel device employs a
sufficiently high positive voltage to the gate wigsspect to the source, and electrons are theactstt to

the semiconductor surface to establish a conductiehannel between the source and drain, making
current flow possible. The gate voltage necessafprim the channel is called the threshold volt@ge.
However, the p-channel device requires a negatiite goltage for a conductive p-channel. Over th& pa
15 years, the number of devices in a single chippgroximately doubled, and the number density of
devices has been significantly increased. Thusptiwer density has been increasing rapidly, agbiog

air cool limit. The transistor channel length hasmased almost 3 orders of magnitude in approgimat
30 years. However, the reduction of horizontal disiens (such as gate length and metal width) meist b
accompanied by an appropriate reduction of vertioals (such as oxide gate thickness and devicenehan
thickness), as well as increased doping and lowsupply voltage [1]. The negative effects of fajlito
meet these criteria will be explained in greateaitiéater in this proposal.

2. Advantages of SOl CMOSover Bulk CMOS

The term SOI means Silicon On Insulator structwhich consists of devices on silicon thin film (SOI
layers) that exists on insulating film. Figureldtrates an outline sketch of bulk, partial deptetiype and
complete depletion type SOI-MOS (Metal Oxide Semdhactor) transistor structure. In the case of bulk
CMOS devices, P/N type MOS transistors are isol&tad the well layer. In contrast, SOI-CMOS devices
are separated into Si supporting substrate an@dwaxide film (BOX). Also, these devices are stuoet

so each element is completely isolated by LOCOScdlLdxidation of Silicon) oxide film and the
operating elements area (called the SOI layerdisptetely isolated by insulators. Also, elementt thave

a thin SOI layer (normally <50 nm) and have all padeas under the channel depleted, are calledletenp
depletion type SOI. Conversely, elements that teatliick SOI layer (normally >100 nm) and have some
areas at the bottom of the body area that areeqleted, are called partial depletion type SOI.
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Figure 1: Comparison between bulk CMOS and SOI CN®)S

The most popular microelectronics technology isebasn the conventional bulk CMOS structure where
the device is placed directly on a bulk silicon studite. Bulk CMOS devices however suffer from large
parasitic capacitances and pronounced short chaffeets because of the bulk silicon. An additiosalie

of BULK CMOS is caused by latch-up due to the niveel p-well structure used to isolate the device,
which may actually lead to a short circuit betweechannel and p-channel devices.
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Figure 2: Latch up phenomenon of Bulk CMOS [2]

These issues are substantially minimized with thgoduction of SOI technology whose n-channel
MOSFET structure is shown in Figure 1. Unlike tlwawentional MOSFET technology, a layer of buried
oxide (BOX) is placed between the thin silicon iglawhere the active device is, and the silicorssake,
as illustrated in Figure 1. The BOX layer effectiveeduces the parasitic capacitance, diminishestsh
channel effects and resolves the latch-up issutieiconventional CMOS technology.

In SOI technology, the isolation of the device frtime bulk substrate is the key in solving the peois

faced by the bulk CMOS devices. This gives (SOI) @3/structures numerous advantages over bulk
CMOS, such as smaller leakage current, steepettsabhold slope, higher packing density, weakertsho

2
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channel effects, and smaller parasitic capacitareted3]. The BOX in SOI however introduces a thar
barrier that enhances self-heating effects becafisbe low thermal conductive oxide. As a resuiie t
average device temperature is substantially raisedddition, due to the thin silicon island usexdthe
active device region, large temperature gradiergsohserved in the silicon island and high peaktjon
temperature is induced. These reduce carrier $@tanzgelocity and mobility and degrade device feility

and electronic characteristics. The higher deviemperature also leads to stronger heat flow to
interconnects and higher interconnect temperatunéh increases the interconnect failure rate,\défae,
joule heating and power consumption, etc [4].

3. TheFin FET Technology

With the SOI CMOS transistor channel length cutyeibeing below 25nm [5], the undesirable short
channel effects present themselves as extremetimdgital issues. One of the solutions to thesetshor
channel effects comes in the form of 3 dimensi@@l CMOS structures. One of the leading novel types
of these devices is known as FInFET technologyctvlis shown in Figure 3. The device channel is the
middle part of the fin that is wrapped by the gatbich is a type of Tri-gated MOSFET. The fin untles
gate is lightly doped. The rest of the silicon &pdd with opposite polarity similar to a planar MO%e
smallest FinFET device dimensions we have fourttiénpublished literatures include a 10 nm gatetkeng
and 12 nm fin width [6]. In FINFET devices, elec#i potential throughout the channel is controligdhe
gate-to-source and drain-to-source voltages. Ehssible due to the proximity of gate controttlzde

to the current conduction path between source aaid.dThese characteristics of the FINFET mininfze
short channel effect. Conventional MOSFET manuféutu processes can also be used to fabricate
FINnFET. They provide better area efficiency, and thobility of the carriers can be improved by using
FIinFET process in conjunction with the strainettsit process [6].
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Figure 3: FinFET Device
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3.1 Limitations of FinFET

Even though FinFET devices are seen as the leadilugion to CMOS scaling limitations beyond the 22
nm node due to their superior electrostatics, tlémmanagement in these ultra-scaled structures is a
increasing concern. The issue of heating is madsevdue to materials with poor thermal conductiaityg

the physical confinement of the device geometresl Ito increased self-heating resulting in perfoirea
and reliability degradation. As FInFET process tetbgy and integration progresses rapidly, FinFET
parameters are being optimized to maximize theifopmance. It is necessary to simultaneously dgvelo
accurate and fast electro thermal modeling and lsiion capability for simultaneous evaluation o€ th
impact of the thermal characteristics on theserpatars, which in turn impact the reliability aneatical
performance of FinFETs. Self-heating is alreadywkmdo degrade the drain current in SOl and strafied
devices by around 15% due to the presence of a BOXOI type devices or a SiGe graded layer in
strained-Si devices that increases the thermadteggie of the device due to low thermal condugtiwit
these materials [6,7]. In FINFETs, the problem éases manifolds due to the small and confined
dimensions of the fin that reduce its thermal catiglity. Self-heating is also known to degrade @exid
reliability of FInNFET devices [8,9].

4. Proposed Thermal Circuit Model for Fin FET

The proposed thesis work includes development thieamal circuit for FinFET structure, accounting fo
non-isothermal effects along the fin, and impleragah of the thermal circuit in a circuit simulatsuch
as Spice, for efficient and accurate electro-thésimaulation. Eventually, the electro-thermal siatidn of
FIinFETs will be performed, and the thermal solutiah be validated against finite element simulatio
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Figure 4: Proposed Fin FET model

Figure shows a 2-D cross section of the FinFET fthensource via the channel to the drain. The dash
divide the film into six uniform regions for congtting the thermal circuit. The gate is supposedrap 3
sides of the channel, including top, front and baies, as illustrated in Figure 3. For clarifioatiof
region divisions, only the top gate is shown.

4.1 Heat flow along the source, drain and fin

The first step requires solving the analytical thar solution in each region on the silicon islaimdjuding
the active device regions wrapped by the gatefitheegions between the source/drain and the cHanne
and the source and drain contact regions. The metdahct on top of the large source/drain regiamwsh
in Figure 4 is not included in Figure 3. The hdatvfalong the silicon island needs to be determimédch
will provide the accurate thermal profile along ikkand. The profile is needed to provide more aateu
heat flow to the interconnects and the poly gatdckvis crucial for prediction of interconnect teangture
and thermal coupling between nearby devices. Thaéytcal solution will then be converted into thexim
circuit for the FinFETs. Implementation of the thmed circuit will allow channel temperature coupheih
electrical model of the FINFET for self-consistetgctro-thermal simulation. Similar to [10,11],arder to
model the heat flow through the FIinFET, the islédivided into uniform regions as shown in Figdte
To account for the generated power, which is lat@tethe channel-drain junction, the island is ded
such that the power input is at the channel-dnaiecgjon which is the division boundary of Regionarfl
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4. The temperature of the portions of the sourckedrain regions under the metal contacts (RegioasdlL
6) can be assumed to be approximately constantubecametal has a very high thermal conductivity.
Therefore it is only necessary to solve the heattgn in 4 regions; i.e., Regions 2-5 shown inuFég4.
Regions 1 and 6 can then be taken as thermal nGuhe® the uniform regions are selected in the FIhFE
device, 2 boundary conditions (BC’s) for each ifsee between adjacent regions are needed to obtain
analytical solution, including temperature and Haat continuities at the interface. The analogyttodse
BC'’s is the voltage and current continuities atribde that connects the circuit elements. This imelyde

a current source that provides a current flowirtg e node. The analogy is explained in deta[llity.
This is similar to a power source in the thermalflproblem, such as the generated power at thdaote
between Regions 3 and 4 in Figure 4. Because dhthésland structure, temperature vertical toigtend
surface can be assumed constant. Also, due to riferm power generation along the device width
direction, the problem of heat flow along the thland is reduced to a 1D problem if the heat flmw of
the island is treated as losses that can be dedchly constant characteristic thermal lengths due t
different heat loss paths. To obtain the accurateperature profile, a detailed numerical simutati®
usually necessary. In this project, the thermagtles will be studied and determined in terms ofrired
resistances of the SOI structure and its termithaswill be extracted from a finite element sintida.

5. Conclusion

Although detailed numerical is able to offer acter@mperature profiles in devices to capture o
peak temperatures, any numerical simulation of Eifg; including the finite element method, is vemye
consuming. As accurate as finite element simulatiare, they become very impractical once we conside
any common integrated circuits which require huddref thousands of transistors. In order to deaign
integrated circuit using the electrical model ofides, the information about the influence of ieating on
electrical characteristics is very important. Thegmsed thermal circuit model is able to providéaied
heating information on FinFETs efficiently and aete, and will offer an effective electro-thermal
simulation tool for cost effective FINFET chip dgsi
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