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Preface

Electrically insulating materials form the dielectric films used in capacitors, the gate dielectrics

in the metal–oxide–semiconductor field-effect transistors (MOSFETs), and the isolation

between the electrical conductors used as contacts and interconnections (both on-chip and in

packaging). Interlayer dielectric (ILD) materials play the role of isolating electrically conduct-

ing and semiconducting features and films. They also perform as masks against impurities, such

as in selective-area diffusion, ion implantation, and impurities from the processing environment.

More recently, they have also served as a stop layer for the chemical mechanical polishing of a

metal on top of the ILD. Classically, silicon dioxide, deposited by chemical vapor deposition 

techniques, has been the preferred ILD material, both undoped and doped with phosphorus,

boron, arsenic, and/or germanium. However, with the continued shrinking of the channel length

of the MOSFET, the interconnect dimensions are also shrinking to accommodate an increasing 

number of devices. This has led to a serious interconnect-related circuit delay and to compromising

the performance advantages of decreasing channel length. This delay, generally known as RC

delay, is associated with the increasing interconnect resistance (R) and increasing ILD capacitance

(C). Use of Cu as a replacement for Al has lowered R by about 40%. There is considerable effort

expended, now, in lowering C by replacing SiO2 (dielectric constant � � 4.0) with lower-� ILD

materials.* This book, for the first time, puts together the science and technology of the ILD mate-

rials and associated processes in one volume, written by authors with experience in the field. It is,

thus, an edited volume with 13 chapters written to cover the science, properties, and applications

of different ILD materials, including silicon-based dielectrics, low-� materials, such as polymers,

porous materials, C and/or F doped silicon oxides, high dielectric constant materials, and those

useful for wave guide applications in optical communications on the chip and the package. The

book provides up-to-date knowledge with appropriate references for further reading and research.

It is noted that the knowledge (both from materials and process points of view) about the SiO2-

based dielectrics is thought to be more or less complete. However, the continued shrinkage in the

dielectric film dimensions and the use of newer materials (e.g. Cu), which contact dielectrics, have

led into much more stringent requirements and thus into newer domains of research and applica-

bility determinations of SiO2 as ILD and as gate oxide. As far as newer low-� ILD materials are

concerned, we know very little. Admittedly, the field of ILD materials, both low-� and high-�, is

young and this book provides a up-to-date starting point. In Chapter 1, the subject of ILD is 

*Both the symbols ‘k’ and ‘�’ are used in literature for dielectric constant. Throughout the book, except chap-
ters 7, 8, 10, and 11, symbol ‘�’ is used.
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introduced with reference to the present and future semiconductor integrated circuit technologies

and the challenges that lie ahead in the development of ILD materials and processes.

In Chapter 2, the properties of ILD materials are discussed in four groupings: electrical,

mechanical, chemical and electrochemical, and thermal and thermodynamic. The chapter

focuses on the properties of the ILD materials in particular emphasizing the impact of process-

ing, actual use, and interactions with other materials that the ILD is in contact with. Many

known and relevant properties are presented, for easy reference, in tabular format.

Chapter 3 focuses on ILD materials characterization techniques necessary in evaluating

and thus in the development of low dielectric constant materials. Development of characteriza-

tion techniques, with some emphasis on thermo-mechanical properties is discussed. Recently

developed techniques used for porous dielectrics are included. Finally, an attempt is made to

correlate molecular structure and materials properties, specifically using three classes of

dielectrics, namely polymers, silsesquioxanes, and porous materials.

Chapter 4 examines the key interfaces and interactions between dielectrics and metals,

dielectrics and semiconductors, and between different dielectrics for advanced semiconductor

technologies, such as porous and dense dielectrics, organic, and silicon-based materials. The dif-

ferent methods for detecting interactions are compared. Modeling is presented as a method to

predict interface reliability and the impact of material changes and interface modifications. The

impact of dielectric interface properties on performance and reliability issues such as chemical

mechanical polishing (CMP) compatibility, packaging reliability, as well as transistor perform-

ance, RC delay, and electromigration (EM) resistance, is also addressed.

Chapter 5 focuses on silicon-based deposited dielectric oxides, nitrides, and oxynitrides, and

includes doped oxides. Deposition, resultant properties, and applications such as ILD are discussed.

Chapter 6 examines the status of polymer-ILD related work, with special emphasis on 

the role of the structure and its stability, preparation methods, interactions with surrounding

materials, and adhesion. The discussion includes a brief presentation of polymer-chemistry

related variations in the monomers and their polymerized (ILD films) products.

Chapter 7 covers CVD deposited amorphous carbon fluorides, a new group of low-�

materials. They contain C, F, H, and O and are shown to yield � as low as 2.3. This chapter 

discusses the fundamentals, deposition, and properties of C-F films and issues related to 

integration of C-F films as an ILD in the advanced Si ICs.

Trapped air or inert gases can lower the � very effectively. Chapters 8 and 9 explore a range

of low-� porous materials focusing on nanoporous silica xerogels as a benchmark. Preparation,

defect-porosity characterization, properties, adhesion, processing, and interaction with metals

have been critically examined and discussed. Tables and figures provide relevant data.

Chapter 10 diverts from the general thrust of the low-� dielectrics. There is a serious need

of high-� dielectrics for applications such as capacitor and gate dielectrics and as isolation lay-

ers in packages. The dielectric constants of such materials range from 10 to �1000. The key to

their applicability lies in keeping leakage currents very low. This chapter examines such materi-

als and their deposition with emphasis on atomic layer deposition (ALD).
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The possibility of using photonic interconnects on-chip is being examined as a replace-

ment for slower electronic (metallic) interconnects. An integral part of this photonic intercon-

nect scheme is a guided wave system for the photon’s propagation. The bit rate capacity or

bandwidth of a passive waveguide is independent of its length for chip-level interconnects.

Chapter 11 focuses on these guided wave systems. Applications of such systems are examined

for a variety of cases, for example, on-chip, off-chip, and three-dimensional stacked chips.

Materials characteristics, of both low- and high-� materials are defined and examined.

Chapter 12 discusses the reliability of ILD materials used as insulating layers in a multi-

level interconnection scheme. It focuses on considering all types of failure and the causes that

affect the usefulness and the intended life of the ILD, thus of the device/circuit and on identify-

ing and eliminating these causes. Standard modes of evaluation and prediction of the useful life

are reviewed.

Chapter 13 examines the requirements for the continuation of CMOS scaling, both for

high-performance logic and memory devices, and the implications for future process and mate-

rial technology requirements, with emphasis on dielectrics.

Wherever the fast-moving semiconductor technologies take us, it is becoming obvious

that new materials are needed for all types of applications. Manipulating the materials and their

properties at atomic dimensions has become a must and a challenge at the same time. This book

attempts to present the case of ILD materials with these thoughts in mind.

S.P. Murarka

M. Eizenberg

A.K. Sinha

Preface vii
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the vertical and horizontal interconnects, power dissipation, and the anisotropy of the dielectric

constant. Note that we are heading into smaller and smaller volumes of material, which must be

effective and reliable, defect-free with zero or very low stress, and with no or minimal chemical/

metallurgical activity (since smallest amounts of matter will coexist in these structures). 

Such small volume or width or thickness requirements may lead to properties beyond present

and naturally accepted values.

New materials have recently been introduced in microelectronic devices in the semi-

conducting and metallic parts of the device. As new semiconductors, Si1�xGex alloys, either

grown epitaxially on the Si substrate or deposited as polycrystalline material, have now been

introduced (yet in a limited extent) in order to enhance the charge carrier mobility. Also a dramatic

change in the metallic materials is currently taking place. Cu is replacing the currently used

Al(Si,Cu) alloys as the interconnect metal in order to increase the circuit speed, to enable opera-

tion at higher power levels, and to improve device reliability. Cu has lower electrical resistivity

and better electromigration resistance than Al and its alloys. The replacement of the interconnect

metal requires also a change in the use of the adhesion promoter/diffusion barrier, and thus TaNx

currently replaces TiN in this function. With further shrink, newer and thinner adhesion 

promoter/diffusion barrier materials are being sought to replace the current materials in this

class. A less dramatic, but not less important, materials change is occurring in the silicides used

for contacts, local interconnects, and gate metallization formed with a metal silicide on polysilicon.

TiSi2 is phasing out, being replaced by CoSi2, with the possibility of the introduction of NiSi or

PtSi for some applications (which in the future might even be replaced by metal gates). All these

materials changes practically skipped the dielectric part of the device. Silicon dioxide, in all

respects, has been the ideal dielectric for use in Si-based devices and circuits. However, today its

limitation, for use as an ILD, is mainly due to its high dielectric constant of about 4.

Now we are on the verge of a period when new materials will be introduced into the third

component of the device materials: the dielectrics. The importance of this sector is increasing sig-

nificantly, and in many aspects it has a critical role in limiting device performance. As device

dimensions shrink, the switching speed of its basic element, the MOSFET (metal oxide silicon

field effect transistor), is expected to increase, since the carriers transit time (for a given applied

voltage) across the length of the channel is decreasing with the shrink of this dimension.

However, the effective speed of the device is controlled not only by this intrinsic gate delay, but

also by the speed of signal propagation to and from the device through the metal interconnects,

the basic charge carriers. These are capacitatively coupled to the insulating dielectrics engulfing

them, the ILDs, leading to a so called interconnect RC delay time. A simple model of the inter-

connects equivalent circuit is given in Fig. 1.4, where P represents the line pitch, W the line width,

S the line spacing, T the line thickness, and the ILD line thickness above and below is equal.

The RC delay [2, 3] is given by:

RC � 2� � �0 (4L2/P2 � L2/T2), (1.1)

4 M. Eizenberg
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The important role of dielectric materials is expected to increase beyond the scope dis-

cussed so far. First, the trend of increases in complexity and performance of devices can continue

in spite of the fact that we are approaching the limits of miniaturization of lateral dimensions,

by overcoming the difficulties and building three dimensional devices. Also Si transistors will be

fabricated on top of an insulator (SOI), and the challenge lies both in the ability to overgrow

high-quality Si as well as to control the properties of the underlying insulator. In parallel, efforts

are taking place to improve performance by integrating the packaging on the chip. This trend

may require adding insulators specific for the packaging process into the device processing

sequence, with all possible interactions and limitations. And finally, in order to enhance device

speed, optical interconnects may replace some of the current metal interconnects. Dielectric 

layers will be used in a role new to current Si devices: as optically active layers, waveguides, etc.

The possible implementation of high-� dielectrics for packaging and waveguide applications is

discussed in Chapter 11.

This book intends to examine the science of dielectric materials relevant for microelec-

tronic devices, as well as to review the current and future materials for the various applications.

Special attention is given to the importance of the various interfaces between the dielectrics and

the adjacent metallic, dielectric or semiconducting materials (Chapter 4). We must characterize

as well as control these interfaces in order to prevent negative interactions and interferences

during processing or operation. Characterization of the dielectrics, covering a very wide range

of properties, is a real challenge that is discussed in depth in Chapter 3, but is also embedded in

many other chapters. A special chapter is dedicated to the important issues of reliability

(Chapter 12).

Although the book has focused mainly on our current knowledge of the properties, 

processing, and applications of dielectric deposited films in Si-based microelectronic devices, it

also examines the future trends in this fascinating field of electrically insulating films made of

inorganic, organic, mixed inorganic–organic, and porous materials. The book endeavors in raising

some fundamental issues about the properties and use of such interlayer dielectric materials.

Presently, finding functional ILD materials with � less than 2 seems very difficult, and physics

and chemistry of such materials in near-atomic-size applications are being examined to find the

needed solution. A brief discussion of these scientific issues and hopes and some of our predictions

(short term as well as long term) are summarized in Chapter 13.
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Chapter 5
Silicon-based dielectrics

C. Leung and E. Ong

Applied Materials, Santa Clara, CA 95054, USA

Abstract

Silicon-based dielectrics are the most widely used materials in the semiconductor
industry. These include oxides (both doped and undoped), nitrides, oxynitrides, and
carbides. Their applications span from the front-end device isolation steps to the
back-end interconnect steps. This is due to their compatibility to the silicon sub-
strate. In this chapter, we mainly focus on the deposited silicon-based dielectric
films, and do not include the thermally grown silicon oxide or nitride films. The dep-
osition techniques of Si-based dielectrics include both thermal and plasma assisted
CVD. Their resultant film properties, including both mechanical and electrical
properties, and their consequent applications in the semiconductor fabrication
process are extensively discussed.

5.1 Introduction

During integrated circuit fabrication, dielectric layers are used for both active and passive 

functions. The active dielectrics are those used for charge storage in the transistor and capacitor,

as well as those used for isolation between adjacent transistors and the metal lines. The passive

dielectrics are those used in antireflection coating, dielectric diffusion barriers and caps, etch

stops layer as well as passivation layers. Various chemical vapor deposition (CVD) techniques

are used to deposit these films. They can be divided into thermal- and plasma-assisted CVD

processes. Thermal CVD process include low-pressure CVD (LPCVD), atmospheric (AP) and

sub-atmospheric (SA) CVD, while plasma-assisted CVD includes conventional low-density

plasma-enhanced CVD (PECVD) and high-density plasma CVD (HDPCVD). This chapter

describes the current methods used for depositing silicon-based dielectrics, their deposition

chemistry, their resulting material properties, and their applications in semiconductor 

microfabrication.

TSMC Exhibit 1011





The key advantages of a single-wafer reactor process compared to that of a batch furnace

are: (a) lower thermal budget, which becomes more important with device shrinks; (b) uses 

non-chlorine chemistry for thermal nitride deposition, that is, SiH4 chemistry is used in a single-

wafer reactor while dichlorosilane is typically used for furnace processes, this could cause the

incorporation of unwanted Cl into the film, which may react with polysilicon and cause film

cracking; and (c) better particle performance, which affects device yield. Some of the disadvantages

observed with the film deposited from a single-wafer reactor compared to the furnace are: 

(a) higher H content, which may affect charge storage properties; (b) film uniformity across the

wafer; and (c) pattern loading effect.

Some of the applications for these high-temperature oxide and nitride films include chemical

mechanical polish (CMP) stopping layer for shallow trench isolation, oxide hard mask for deep

trench etch in DRAM capacitor, sidewall spacer for capacitor isolation in DRAM devices, as

well as for salicide formation in logic devices. These will be illustrated in Section 5.4.

5.2.1.2 Atmospheric (APCVD) and sub-atmospheric 

chemical vapor deposition (SACVD)

APCVD and SACVD are commonly used to deposit undoped silicate glass (USG), phosphosil-

icate glass (PSG), and borophosphosilicate glass (BPSG) at a temperature range of 400–600�C.

Both APCVD and SACVD reactors require an ozonator that generates ozone (O3) to react 

with tetraethyl-orthosilicate (TEOS), forming SiO2. The structure of TEOS is shown in Fig. 5.2.

The TEOS:O3 chemistry offers excellent gap-filling capability for the USG, PSG, and BPSG

applications.

Trimethylphosphite (TMP) or triethylphosphate (TEPO) has been used as precursor for

phosphorus dopant whereas trimethylborate (TMB) or triethylborate (TEB) has been used as

precursor for boron dopant.

Silicon-based dielectrics 123
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This chamber is also called a ‘cold wall’ reactor since the chamber body is usually main-

tained between 60 and 70�C. The substrate is placed on a heater made of either aluminum or

ceramic and heated to a temperature of around 400�C. The heater and the chamber wall are

grounded electrically whereas the showerhead is the powered electrode. The process pressure is

relatively low, in the 0.5–15 Torr range. After the gas flows and the pressure is stabilized, radio-

frequency (RF) energy is applied to the chamber to generate a plasma, ionizing the reactive

gases. One of the advantages of plasma-enhanced deposition is that the wafer temperature can

be maintained relatively low. Conventional LPCVD processes usually require temperatures 

substantially higher and are not suitable for certain substrate materials such as aluminum or 

copper. Typically, RF at 13.56MHz is used for generating the plasma, although in some cases mixed

frequencies of 13.56MHz and 450kHz are used to control film stress and other film properties.

5.2.2.1.1 Oxides

5.2.2.1.1.1 Undoped silicon dioxide and fluorosilicate glass

Two common precursors used to form PECVD USG and FSG are silane (SiH4) and TEOS.

SiH4 USG is formed by the reaction of SiH4 with nitrous oxide (N2O) over a substrate

temperature of ~400�C in the presence of plasma. Since SiH4 and N2O are fairly reactive, only

a low RF power (~300 W) is needed to sustain the plasma. On the other hand, since the reaction

is in the flow-limited regime, sufficiently high SiH4 flows and pressure (in the Torr range) are

necessary to achieve a high deposition rate. Silicon tetrafluoride, SiF4, is used as the precursor

for fluorine in the FSG deposition.

TEOS is a liquid precursor that has been used for high-temperature oxide deposition in 

furnaces since the 1960s. [1, 2]. TEOS oxide has been known to have more conformal step coverage

than SiH4 oxide even over high aspect ratio structures [3]. The challenge is to deposit TEOS-based

USG at a low enough temperature so that the film can be used as an inter-metal dielectric.

Starting at the 0.18 �m and below technology node, the gap fill requirement for aluminum

interconnect has become too stringent for conventional PECVD techniques, even with TEOS

USG, to achieve satisfactory results. Hence, device manufacturers have shifted to a different gap

fill technology called HDPCVD, which will be discussed later in the chapter. PECVD TEOS

films are then used as capping layers over the HDPCVD films, where the step coverage require-

ments are much less stringent. SiF4 is also used as the fluorine precursor for TEOS FSG.

5.2.2.1.1.2 Carbon-doped oxide

Carbon-doped oxide (CDO), also known as organosilicate glass (OSG) or silicon oxicarbide

(SiOC), can be deposited in a parallel-plate PECVD chamber. Various precursors have been

used to deposit CDO films, including methylsilane, dimethylsilane, trimethylsilane (TMS) [4],

and tetramethylsilane (4MS). Precursors with more methyl groups are capable of incorporating

more carbon into the film, though the compounds are more difficult to dissociate. Therefore,

4MS, a liquid precursor, in general, deposits at a lower rate than that of TMS, which is a gas.
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Other precursors such as tetramethylcyclotetrasiloxane (TOMCATS), octamethylcyclote-

trasiloxane (OMCTS) [5], dimethyldimethoxysilane (DMDSO) [6] have also been demon-

strated in CVD of CDO films.

TMS and O2 chemistry has been the most widely accepted method for depositing CDO

film thus far due to the industry familiariarity with the precursors and its simple gas-delivery 

system. TMS and O2 are typically introduced into the chamber through separate gas lines, with

or without carrier gases, in order to prevent any pre-mature reaction before they reach the

chamber. Deposition temperature is usually kept below 400�C, preferably at around 350�C, since

the dielectric is used between metal layers.

5.2.2.1.2 Nitrides (SiN)

Plasma-deposited silicon nitride has been widely used in microelectronic device fabrication for

years. The applications include final passivation layer, diffusion barriers against mobile ions, and

moisture barriers. Recently, silicon nitride film applications have been extended to advanced

dual damascene processing, such as copper diffusion barrier and middle etch stop due to the

film’s excellent barrier properties against copper and the high etch selectivity to low-� dielectric

films.

Copper oxidizes readily in air. Therefore, before silicon nitride is deposited over copper,

the native copper oxide must be removed first. A plasma treatment consisting of a hydrogen

containing a gas such as ammonia (NH3) is typically used to reduce the copper oxide to metallic

copper in PECVD chambers [7].

The reaction of ammonia gas with copper oxide is as follows:

NH3 � Plasma � NH2 � H

CuO � H � CuOH intermediate step

CuOH � H � Cu � H2O

After the CuO removal step, SiH4 is introduced to the chamber to react with ammonia, forming

silicon nitride. It has been found that copper will start reacting with SiH4 at temperature as low

as 200�C. After CuO has been removed, if copper is exposed to an environment with high 

concentration of silane, copper silicide will be formed. It is known whether uncontrolled copper

silicide formation on the copper surface increase the resistivity of copper inter-connections and

degrades the adhesion of barrier layer. Very often, people refer copper silicide to as ‘green’ or

‘black’ copper.

5.2.2.1.3 Oxynitrides (SiON)

A typical single-wafer PECVD reactor with a 400�C heater is used for SiON deposition. A gas

mixture of SiH4 and nitrous oxide (N2O) is introduced into the process chamber before high-

frequency RF power is applied.
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In addition to SiH4 and N2O, sometimes helium or nitrogen can be added to the reaction

for various reasons. In the pressure and spacing regime the PECVD SiON process operates,

helium requires a lower breakdown voltage than nitrogen [8]. Since helium is easier to 

breakdown, it helps to stabilize the plasma during deposition.

After SiON deposition, the film surface is treated by either capping the film with a very

thin layer of silicon oxide or striking an oxygen-containing plasma to oxidize the SiON surface.

The purpose of the treatment step is to prevent any interaction between the SiON film and the

photoresist, causing ‘poisoning’ problems. Detailed discussion on poisoning will be covered in

Section 5.4.

5.2.2.1.4 Silicon carbide

Silicon carbide is typically deposited in a parallel-plate PECVD reactor at around 300–400�C.

Sometimes, the same chamber can be used for CDO deposition also. Since silicon carbide is also

deposited over copper, a copper oxide removal step similar to that used for silicon nitride is also

required prior to silicon carbide deposition. A similar chemistry involving ammonia and/or

hydrogen is also used to reduce the native copper oxide.

TMS and 4MS are common precursors for depositing silicon carbide. Sometimes, helium

and ammonia gases are added during the process to stabilize the plasma and improve the hard-

ness of the film. However, using ammonia also incorporates nitrogen in the film, resulting in

higher dielectric constant (~5) and resisting poisoning issues with 193-nm lithography than the

film without nitrogen. Therefore, silicon carbide films for low-� applications are also known as

SiCH or SiCHN, depending on whether the precursors contain nitrogen or not. To further

ensure good adhesion of SiCH to CDO, helium plasma treatment is sometimes performed on

the wafer after film deposition.

5.2.2.2 High-density plasma chemical vapor deposition

Starting at the 0.18 �m and below technology node, the aspect ratio for gap fill requirement has

become more and more challenging for PE TEOS USG to fulfill. Device manufacturers have

shifted to a different gap fill technology called HDPCVD, which utilizes a new concept of

depositing and sputtering at the same time to successfully fill the high aspect ratio gaps. (Fig. 5.4)

The key difference between an HDPCVD chamber (Fig. 5.5) and a conventional 

CVD chamber is that it simultaneously deposits and sputters in the same chamber. High-

density plasma generates more ions and gives more directional deposition. It also yields higher

sputtering rates.

Therefore, an HDPCVD chamber is designed with these objectives in mind. Key hard-

ware components of the chamber include a turbo pump, RF power delivery (source and bias),

gas distribution, monopolar or bipolar electrostatic chuck (ESC), and helium cooling.
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annealed either in a furnace or a rapid thermal processing (RTP) chamber to flow the glass.

Annealing the film also densifies it and makes it shrink.

Boron oxides have two FTIR absorption bands, that is, the B–O bond at 1350 cm�1 and

the Si–O–B bond at 930 cm�1. Determining the boron concentration is straightforward, that is,

by evaluating the peak at 930 cm�1. However, measuring the phosphorus concentration in BPSG

is more tricky since the P�O peak at 1330 cm�1 overlaps with the B–O peak at 1350 cm�1 and

the two peaks must be deconvoluted. The different absorption bands in BPSG are summarized

in Table 5.2.

5.3.1.5 Carbon doped oxide

CDO, also known as SiOC and organosilicate glass (OSG) has a dielectric constant, � value,

between 2.2 and 3.0. The lower � value is achieved by introducing porosity to the films through

the incorporation of methyl groups. CDO films have a composition of SiwCxOyHz with about

10–25% of the silicon atoms substituted with organic groups [9]. However, these methyl groups

also affect other physical, thermal, and chemical properties of the CDO films [10].

Although CDO films are not as good as silicon dioxide films, they have many of the ben-

eficial thermal and mechanical properties of silicon oxide. Table 5.3 shows a comparison of the

properties between CDO and oxide.

CDO is a mixture of pores and the solid phase. Since pores are made of air with a dielec-

tric constant of 1, the presence of pores in a solid material can lower the effective dielectric con-

stant. Measurement of porosity allows one to understand the correlation between pores and the

solid phase and therefore the dielectric constant.

The dielectric constant, �, of the CDO film can be derived as

� � (1 � P)�0 � P�air � �0 � (�0 � �air)P
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Table 5.1 Effect of TEOS flow and temperature on 

deposition rate and dopant concentrations

Parameter Deposition rate B% P%

TEOS flow ↑ ↑ ↓ ↓
Temperature ↑ ↓ ↑ ↑

Table 5.2 FTIR absorption bonds in BPSG

Bond Wavenumber (cm�1)

P�O 1330

Si–O 1050

B–O 930, 1350
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The relationship between dielectric constant, � and RI, n, is as follows: � ∝ n2. Therefore,

lowering the RI of the SiC film will lead to lower �. By incorporating CH3 groups into the structure,

the RI and the � value can be lowered. However, if the film is too carbon and hydrogen rich, the

subsequent ashing process that uses an O2-based chemistry would attack the carbon in the SiC

film. Since the SiC film has hydrogen and sometimes, nitrogen, it is also known as SiCH and

SiCN, depending on the precursors used.

Properties of SiCH are similar to that of SiN in many ways. They are both good copper

diffusion and moisture barriers. They are thermally stable during subsequent temperature

cycles. They possess good mechanical strength and adhere to copper well. They have compres-

sive stress to balance out the tensile stress of the CDO films. They also have high etch selectiv-

ity to oxide films when fluorine etch chemistry is applied. Last, but not least, they also have low

leakage and high breakdown voltage. On the other hand, SiC has slightly lower density and

dielectric constant than SiN due to the carbon and hydrogen incorporation. The bulk density of

SiCH films is much lower than that of pure silicon carbide film due to the high hydrogen 

content in the SiCH film. Oxygen is usually only present on the surface of the SiCH film since

oxygen in the bulk film will degrade the copper barrier performance.

A comparison between SiCH and SiN is summarized in Table 5.5.

5.4 Application of silicon-based dielectrics

Silicon-based dielectrics are used throughout the IC fabrication sequence for both logic and

memory devices. Figure 5.17 and 5.18 show the cross-section of a logic and DRAM device,

respectively, with the various silicon-based dielectric layers and the corresponding materials

used for each layers. In this section, we will describe the material requirements for each of these

layers, and the common materials and processes used for depositing these device layers. The

interface properties and the interactions between these dielectrics and its underlying and 

overlying materials is thoroughly described in Chapter 4.

5.4.1 Shallow trench isolation

Shallow trench isolation (STI) is used to isolate between two transistors. The fabrication

sequence and structure is shown in Fig. 5.19.

Table 5.5. Comparison of mechanical properties between silicon carbide and silicon nitride

Mechanical properties Silicon carbide (SiCH) PECVD SiN

Dielectric constant � 5 7–8

Refractive index � 1.9 1.9–2.2

Stress Compressive Compressive

Mass density � 1.8 g/cm3 2.2 g/cm3
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Abstract

The dramatic improvements in microelectronics performance over that past few
decades have been accompanied by a severe reduction in the size of memory and logic
devices. This scaling has required drastic decreases of the SiO2 dielectric film thickness
to achieve ever-higher capacitance densities. Fundamental limits of SiO2 as a dielectric
material, imposed by electron tunneling, will be reached as this SiO2 film thickness
approaches ~1nm. By 2005, an as yet undetermined alternate high-k interlayer dielec-
tric material will be needed to replace SiO2 as a capacitor and gate dielectric material.
Numerous alternate high-k materials are being actively investigated, ranging from
Al2O3 (k ~ 9) to perovskites (k ~ 102–104). High-k materials hold the promise of
achieving very high capacitance densities with relatively thick films. These thicker films
should preclude the excessive tunneling currents observed for very thin SiO2 films.
However, finding a high-k material is a major challenge because the high-k material
must have a high resistivity, act as a good barrier layer, be thermally stable, and form
an ideal interface with silicon. SiO2 films can be conveniently formed via oxidation of
the silicon substrate. In contrast, alternate high-k materials must be formed by deposi-
tion. Atomic layer deposition (ALD) has emerged as a very promising technique for
depositing alternate high-k thin films for the microelectronics industry. ALD can
deposit films with atomic layer thickness control and conformally coat high aspect ratio
structures. Most high-k dielectric materials have been successfully deposited by ALD.
ALD is also very well suited for depositing various types of composites that combine
the desirable properties of different materials.

10.1 Introduction

The semiconductor microelectronics industry requires interlayer dielectric films for a variety of

applications. Dielectric layers are needed as gates in MOSFETs, as capacitors to store charge in

memory devices, and as insulation in back-end interconnects. SiO2 has been the dielectric 
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material of choice for all of these applications. SiO2 is a dielectric material with very low 

leakage currents, acts as a good diffusion barrier for dopants and ionic contaminants, and forms

a well-defined interface with silicon.

The continued drive towards faster processors has required the progressive shrinking of

microelectronics devices [1]. The decrease in device feature size allows for increased speed,

lower power consumption, and lower cost because of the increased density of devices per wafer.

This size reduction presents challenges for the various SiO2 applications. The insulation of inter-

connects requires lower dielectric constant materials. Applications such as capacitors and gate

dielectrics require higher dielectric constant materials.

Decreasing the thickness of the SiO2 dielectric film achieves the goal of increasing the

capacitance to offset the decrease in the surface area of the capacitor. However, SiO2 films will

soon need to be so thin that tunneling through the film will become significant and will increase

power consumption to unacceptable levels. High-k materials are needed to replace SiO2 in these

applications to achieve high capacitances while keeping the leakage currents low.

A wide range of materials has been proposed as alternate high-k dielectrics. The dielectric

constants of these high-k materials range from k � 10 to k � 10 000 [1–4]. Some of these materials,

such as Al2O3, Ta2O5, and SrTiO3 are already being used commercially for capacitor memory

devices [1]. For the more demanding gate dielectric application in field effect transistors (FETs),

the search for a suitable high-k dielectric material continues to be a challenge. To replace SiO2

as the gate dielectric, the high-k material must also have a high resistivity, act as a good barrier

layer, and be compatible with other materials and processes used in the microelectronics industry.

A wide range of techniques have been employed for depositing high-k material films [1, 3].

However, only a few of these deposition techniques are compatible with microelectronics 

processing. These techniques include chemical vapor deposition (CVD) and physical vapor depo-

sition (PVD). This review will focus on a promising CVD-derived technique called atomic layer

deposition (ALD) [5–7]. ALD is the only vacuum compatible deposition technique that allows

for atomic layer thickness control and has the ability to coat conformally high aspect ratio

trenches and three-dimensional (3D) structures. Furthermore, ALD is well-suited for making

mixed materials and nanolaminates. Such composite materials have shown promise because the

desirable characteristics of different materials can be tuned to achieve optimum properties.

For a detailed review of high-k materials as gate dielectrics, the reader is referred to a

recent excellent review article [1]. Various books have also discussed in more detail the synthesis

of high-k dielectrics [3] and the properties and applications of high-k dielectrics [8]. This 

chapter focuses on the high-k dielectrics that can be grown by ALD and will emphasize high-k

materials that are important for capacitor and gate applications.

10.2 Limitations of SiO2 as a dielectric

SiO2 has served as the dielectric material for silicon-based microelectronic applications for 

the past three decades. SiO2 has excellent dielectric properties, including a very high resistivity
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of ~1018 	 cm and a large bandgap of ~9 eV. Furthermore, the ability to grow high quality, 

amorphous SiO2 dielectric films by the oxidation of the silicon substrate is very convenient for

process integration. With so much research and infrastructure invested in SiO2 technology, 

finding a material to replace SiO2 has proven to be a great challenge.

The ability to make reliable, ultra-thin SiO2 layers has advanced greatly in recent years.

In 2001, SiO2 thicknesses on the order of ~2 nm were used in devices. Various studies have

explored the minimum SiO2 film thickness that still retains the bulk properties of SiO2 [1]. Based

on calculations and experimental results, the absolute lower limit for a SiO2 film thickness is 7 Å.

Below this thickness, the material no longer has the SiO2 bulk bandgap of 9 eV. A further 

limitation for practical device applications of SiO2 is the large tunneling current that can leak

through such thin films.

A more practical limit of 10–12 Å has been established based on the maximum allowable

tunneling current [1]. Transistors with SiO2 film thicknesses of 10–12 Å can be used in FETs

despite the high leakage current densities of 1–10 A/cm2. Whether or not these 10–12 Å films will

be economically feasible will depend on questions about ultrathin oxide reliability and contam-

ination issues [1]. However, even if these optimistic predictions regarding ultrathin SiO2 layers

are realized, alternate high-k dielectric materials will be required by 2005 according to the

International Technology Roadmap for Semiconductors [9].

Another way to extend the use of SiO2-based dielectrics has been through the incorpora-

tion of nitrogen into SiO2. Oxynitrides (SiOxNy) can achieve dielectric constants of k ~ 6, 

compared to k � 3.9 for SiO2 [2]. Although oxynitrides offer only a small increase in the dielec-

tric constant, they are much more compatible with existing processing technologies than other

high-k dielectric materials. Oxynitrides have been used as dielectrics in memory devices and are

currently being implemented in logic devices [1, 2]. By 2005, however, the equivalent oxide

thickness requirements for high-performance devices, as well as for low stand-by power logic

devices, can no longer be met by SiO2, oxynitrides, or any other currently known technology

solution. At this date, the need for alternate high-k dielectrics becomes critical.

10.3 Desired high-k material properties

10.3.1 Requirements for capacitor and gate applications

Memory capacitor and gate applications both need alternate high-k dielectrics to achieve higher

capacitance densities. However, the requirements for memory capacitor and gate applications are

different [1]. Capacitors for memory need very low leakage currents on the order of 10�8 A/cm2.

This requirement allows the charge stored in the capacitor to remain large enough to be read for

a relatively long time period, typically ~250 ms [2]. In contrast, the nature of the high-k/electrode

interface is not that critical, provided that the interface does not reduce the capacitance signifi-

cantly. Metal or highly doped nitrided poly-Si may be used as the electrodes.
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Gate dielectrics in FETs can have a much higher leakage current, but the quality of 

the high-k/Si bottom electrode interfacial region is critical [1]. Current densities as high as 

1–10 A/cm2 are acceptable for some processors. Certain low power applications, such as portable

devices, demand leakage currents of � 10�3 A/cm2. These leakage current levels are still much

less stringent than the requirements for memory capacitors. More important to the performance

of an FET is the electric field that penetrates into the silicon channel. Interfacial layers and

interface roughness adversely affect the strength and uniformity of this electric field and

degrade FET performance [1].

10.3.2 Electrical properties

In addition to having a large dielectric constant, alternate high-k dielectrics should have a low

leakage current, low loss factor, high breakdown voltage, and a large barrier height when in con-

tact with Si. Unfortunately, high-k materials often do not exhibit these properties [1]. Optimizing

the properties of alternative high-k dielectrics requires an examination of the various factors

that influence the dielectric constant and leakage current.

The dielectric constant is determined by the polarizability of the dielectric material. 

The polarizability is dependant on a number of factors including the density of electrons in the

material, the crystal structure, and dopants [1]. For example, transition metal oxides typically

have higher dielectric constants than the oxides of lighter elements like Si and Al. There is often

a wide range of published dielectric constants listed for a given material. This variability can 

be attributed, in part, to whether a material is amorphous or crystalline, the type of crystal 

structure, and the average crystalline grain size.

The dielectric constant of $-Al2O3 is slightly higher than the dielectric constant of amorphous

Al2O3. This larger dielectric constant is partially explained by the higher density of $-Al2O3. For

TiO2, dielectric constant values ranging from 50 to 110 have been reported [1, 3, 4], with the

rutile TiO2 phase having higher k values than the anatase TiO2 phase. In BaTiO3, grain size has 

been shown to affect significantly the dielectric constant [8]. The dielectric constant peaks at 

k � 5000 for BaTiO3 with an average grain diameter of ~1 �m. Much smaller or larger grain sizes

have k � 2000.

The deposition methods and the deposition conditions tend to determine the 

crystallinity and purity of a deposited dielectric film. High temperature annealing can result in

the crystallization and densification of a dielectric material. This densification often increases

the dielectric constant. Impurities are generally expected to lead to a decrease in the dielectric

constant. However, the intentional doping of high-k perovskites has resulted in some very high

dielectric constant values [3].

The dielectric relaxation losses of a dielectric material can have detrimental effects on the

performance of memory and logic devices. This well-known, but poorly understood, phenomenon

has the effect of adding RC shunts with varying time constants in parallel to the dielectric 
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capacitor [10]. While these losses are small for most AC power applications, they may be unac-

ceptably large for memory and logic devices where read and write times are on the nanosecond

time scale. The dielectric losses have been studied for some alternative high-k dielectrics [10].

HfO2 was found to have a much higher dielectric loss than Al2O3, Ta2O5, BaSrTiO3 (BST), and

Y2O3. Furthermore, the dielectric losses of all of these materials were at least an order of 

magnitude higher than the dielectric loss for SiO2.

High leakage currents are a major problem for memory capacitor applications.

Amorphous SiO2 has one of the highest resistivities of any material at ~1018 	 cm. Some alternate

high-k materials, such as Al2O3, come close to the resistivity of SiO2. Other high-k materials

tend have much lower resistivities. The measured resistivity of a dielectric material is not 

an intrinsic property of the material. Rather, the resistivity can be controlled by the purity, 

stoichiometry and crystallinity of the material.

Impurities can create defect sites or act as mobile ions. Small deviations from ideal 

stoichiometry can effectively dope a material, such as TiO2, and result in a dielectric becoming

highly conductive [11]. Grain boundaries in polycrystalline materials also tend to increase 

conductivity [1, 2]. Crystallization of amorphous films through annealing can lead to increased

leakage currents. Unfortunately, most alternate high-k material candidates, except for Al2O3,

crystallize during typical processing conditions.

A large barrier height at the electrode/high-k dielectric interface is important because this

barrier height minimizes the leakage current. The barrier height at a Si/SiO2 interface is ~3.5 eV.

However, the barrier heights and the bandgaps of high-k materials in contact with silicon tend

to decrease with increasing dielectric constant [1, 12]. Some of the promising high-k materials,

such as Ta2O5 and BaTiO3, have calculated barrier heights � 0.5 eV. These low barrier heights

may lead to unacceptably large leakage currents.

10.3.3 Interfacial layers

The nature of the interface between a high-k dielectric and an electrode plays an important role

in determining whether a high-k material can be suitable for a certain application [1, 2].

Interfacial layers are sometimes intentionally inserted to passivate the surface, prevent diffusion,

or promote adhesion. However, most interfacial layers that form spontaneously during deposition

of the high-k material are detrimental to device performance.

Interfacial layers can severely decrease the capacitance of a high-k film. In FETs, these

interfacial layers can limit the field penetration into the silicon channel. Interfacial oxide layers

can be formed if the substrate reacts: (a) with the oxide precursors used to make the high-k film;

(b) with the oxygen in the high-k film itself; and/or (c) with oxygen species that diffuse through

the high-k film. Although some high-k materials are predicted to be stable in contact with silicon,

nonequilibrium conditions are generally present during the deposition of these materials. On a

silicon substrate, the interfacial layer formed tends to be SiO2 or a silicate/high-k mixture.
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Regardless of what kind of interfacial layer is formed, the overall capacitance that can be

achieved with an interfacial layer/high-k stack will be lower than the capacitance of the high-k

film alone. The capacitance of two capacitors in series is determined by Ctotal
�1 � C1

�1 � C2
�1. The

capacitance is C � k�0A/d, where k is the dielectric constant, �0 is the permittivity of free space

(�0 � 8.85 � 10�14 F/cm), A the area, and d the dielectric thickness. Let us assume that a 1 nm

thick SiO2 layer with k � 3.9 and A � 0.0001 cm2 is formed under a 5 nm thick high-k material

with k � 50 and A � 0.0001 cm2. The capacitance of the SiO2 layer is C � 0.35 nF. The capacitance

of the high-k layer is C � 0.89 nF. The resulting total capacitance is only 0.25 nF.

Another way to see this effect is to consider the equivalent oxide thickness (EOT). The

EOT is the thickness of SiO2 with k � 3.9 that would equal the capacitance of the high-k material.

The high-k material with k � 50 and a thickness of 5 nm would have an EOT of only 0.39 nm. The

total EOT of the stack, including the SiO2 interfacial layer, is much higher and can be given by:

The EOT of the stack, including the SiO2 interfacial layer, is EOT � 1.39 nm. The capacitance of

this film is not nearly as high as the original expectations. However, this stack should still have

a lower leakage current than a 1.39 nm thick SiO2 layer.

10.3.4 Processing issues

The processing of devices after depositing the high-k material typically involves annealing to

high temperatures of ~1000�C. High temperature annealing can lead to a number of problems

[1, 2]. Many high-k materials crystallize at these high temperatures. Crystallization tends to

result in higher leakage currents. In addition, mixed materials may phase segregate at higher

temperatures. The high temperatures can also accelerate the diffusion of cations into and through

high-k materials. This diffusion can degrade the dielectric and the material below the dielectric.

Oxygen diffusion, especially at high temperatures, is also a known problem for high-k materials.

Oxygen diffusion can result in increased interfacial SiO2 growth.

10.4 Thin film deposition techniques for high-k materials

Thin films of high-k materials have been deposited by a number of methods. Techniques include

CVD, reactive sputtering, physical vapor deposition (PVD), molecular beam epitaxy (MBE),

sol–gel methods, and hydrothermal and electrochemical syntheses [3]. Only a few of these meth-

ods are compatible with the stringent requirements for microelectronics fabrication processes.

CVD is perhaps the most well-known technique for the deposition of high-k thin films. During

CVD, gas phase precursors are introduced into a vacuum chamber, where they react and deposit

a film on the substrate.

EOT �
k(SiO2)

k(high k)
� d(high k) � d(SiO2)
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temperature and the ability of ALD to coat uniformly intricate 3D structures was important.

Several commercial ALD reactors are available, including those by ASM Microchemistry [21]

and by Genus [22]. Many more companies are currently investing in ALD technology and more

vendors will be providing products in the near future.

10.5 High-k dielectric materials

10.5.1 Binary oxides grown by ALD

Most of the known binary metal oxide high-k materials have been grown by ALD. These binary

metal oxide materials include, approximately in order of increasing dielectric constant, Al2O3,

Y2O3, CeO2, HfO2, ZrO2, Ta2O5, TiO2, La2O3, and Nb2O5. The dielectric constants of these thin

films grown by ALD range from k � 10 to k � 100. These dielectric constants are comparable

with the dielectric constants measured for the same materials grown by other methods.

10.5.1.1 Al2O3

Al2O3 is the most widely studied high-k material grown by ALD. Al2O3 films grown by ALD

are already used in DRAMs [19, 20]. Al2O3 films can be deposited rapidly by ALD. AB cycle

times on the order of a second can be achieved in commercial reactors [22]. Furthermore, a variety

of precursors can be used to grow Al2O3 by ALD [6].

Al2O3 exhibits excellent insulating properties. These favorable properties result from the

large Al2O3 bandgap of 9 eV and the large barrier height of 2.8 eV when in contact with silicon

[12]. Recent electrical investigations have measured the current–voltage (IV) and capacitance–

voltage (CV) characteristics for Al2O3 ALD films on Si(100) [23]. The IV plots are excellent and

display a very low leakage density on the order of ~1 nA/cm2. Various IV curves for Al2O3 ALD

films of different thickness on Si(100) are shown in Fig. 10.4. These IV curves display behavior

that is characteristic of Fowler–Nordheim tunneling.

Al2O3 is thermodynamically stable on silicon. However, SiO2 or aluminum silicate layers

are often formed at the Al2O3/SiO2 interface. These interfacial SiO2 layers appear to be

inevitable, in part, because growth often does not occur under equilibrium conditions [1]. The

interfacial SiO2 layer will seriously compromise the dielectric constant that can be obtained from

gate stacks. The dielectric constants for Al2O3 ALD films of various thickness on Si(100) are

shown in Fig. 10.5. The reduction of the dielectric constant for thinner Al2O3 ALD film thick-

nesses is attributed to an interfacial SiO2 layer with a thickness of ~10–12 Å [23]. The calcula-

tions in Fig. 10.5 show the predicted behavior for a SiO2 interfacial layer of 11 Å including

quantum mechanical corrections.

Al2O3 ALD films hold promise for memory and gate dielectric applications. For memory 

applications, the interfacial SiO2 problem can be avoided by using non-silicon electrodes.
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k�5.3 [26], k�8.5 [27], k�7 [28], k�8.1 [29], and k�9.8 [30]. A recent study examined ultra-thin

Al2O3 ALD films with thicknesses down to 1 nm [31, 32]. Dielectric constants of k ~ 10–11 were

reported for the Al2O3 film. However, an interfacial SiO2 layer with a thickness of 0.75 nm was

present that reduced the overall dielectric constant of the gate stack.

Al2O3 ALD is possible not only on silicon but on a variety of substrates including various

transition metals, alloys, oxides, and even noble metals [23]. Good electrical properties were

measured for Al2O3 ALD on most of these substrates. The measured dielectric constant was

consistently determined to be k ~ 8.

10.5.1.2 Y2O3

Dielectric constants ranging from k � 12 to k � 20 have been reported for Y2O3 [1]. However, as

often observed for a variety of high-k dielectrics, silicate layers have been observed at the interface

with silicon. These silicate layers produced much lower overall dielectric constant values. Y2O3

growth has been reported by ALD [32]. Dielectric constants of k ~15 and low leakage 

currents were observed for Y2O3 ALD films grown using Y(thd)3 and ozone. These films were

polycrystalline and had a SiOx interfacial layer with a thickness of ~1.1 nm. Y2O3 ALD growth has

also been reported using various beta-diketonate yttrium precursors with ozone at temperatures

of 250–375�C [33]. Unfortunately, no electrical measurements were reported in this study.

10.5.1.3 CeO2

The dielectric constant of CeO2 has been reported as k � 20 [4] and k � 26 [34]. CeO2 ALD

growth has been performed using Ce(thd)4 and ozone [35]. A later study compared Ce(thd)3 phen

and Ce(thd)4 precursors for CeO2 ALD films grown at lower temperatures [34]. The CeO2 ALD

films were polycrystalline. The preferred Ce(thd)4 precursor displayed CeO2 ALD growth from

175–275�C. However, no electrical measurements were reported for these CeO2 ALD films.

10.5.1.4 HfO2

HfO2 ALD growth has been reported using HfCl4 and H2O precursors [32]. These HfO2 ALD

films displayed a dielectric constant of k ~ 20. HRTEM images showed uniform, mostly amorphous

HfO2 films grown on a SiO2-covered Si substrate. Low leakage currents were measured during

the electrical testing. Nucleation problems during HfO2 ALD were observed on H-passivated

silicon surfaces (so-called ‘HF-last’). These HfO2 films also exhibited much higher leakage 

currents. In addition, a thin interfacial layer seems to be present in the HRTEM images.

Self-aligned n-channel MOSFETs have been fabricated using 3nm thick HfO2 gate dielectric

films grown by ALD [36]. These transistors exhibited promising results after an anneal at 1000�C.

Thin sub-oxides were observed at the interfaces with the poly-Si gate and the Si-substrate. The total

stack with a thickness of 4.6 nm had an EOT of 1.7 nm.
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10.5.1.5 ZrO2

ZrO2 ALD film growth has been studied by several researchers. Polycrystalline ZrO2 films were

grown at 200–300�C using Zr[OC(CH3)3]4 and H2O and yielded a dielectric constant k ~ 32 [37].

Crystalline ZrO2 films have also been deposited using ZrCl4 and H2O [38]. A thick amorphous

interfacial layer of � 5 Å, with a k value higher than the SiO2 dielectric constant, was detected

after deposition on an originally H-passivated silicon substrate. Accounting for this interfacial

layer, a dielectric constant of k ~ 25–35 was estimated for the ZrO2.

Uneven nucleation on the H-passivated Si substrate was suggested as a reason for the high

leakage currents and uneven film morphology of the ZrO2 films [38]. Nucleation problems have

also been reported for ZrO2 ALD films grown on H-passivated silicon. These nucleation problems

are avoided by depositing on a thin SiO2 layer on silicon [32]. A dielectric constant of k � 23 was

reported for these ZrO2 films using ZrCl4 and H2O precursors.

n-Channel MOSFET devices have been fabricated using ZrO2 ALD films with a thickness

of 5 nm [36]. These MOSFET devices are similar to the transistors described above using HfO2.

Unfortunately, excessive gate leakage currents were observed for these devices. No capacitance

measurements were performed because of the high leakage currents.

10.5.1.6 Ta2O5

Ta2O5 ALD has been performed using TaCl5 and H2O at 310�C [29] and Ta(OC2H5)5 and H2O

at 300�C [39]. These Ta2O5 films produced dielectric constants of k � 28 and k ~ 24, respectively,

for the as-deposited amorphous films. However, a large increase to k � 52 was observed after

annealing above 600�C produced a polycrystalline phase. Annealing at low temperatures

reduced leakage currents, probably due to a reduction in impurities. The leakage currents

increased greatly upon crystallization at higher temperatures [39].

Additional studies reported a dielectric constant for Ta2O5 ALD films of k � 25 using

Ta(OC2H5)5 and H2O [40]. A dielectric constant of k � 23 was also observed for a water-free

ALD process using only Ta(OC2H5)5 and TaCl5 precursors [41]. Unfortunately, the Ta2O5 ALD

surface chemistry does have some complications. There is a slow etching of Ta2O5 by TaCl5.

Ta(OC2H5)5 can also thermally decompose at � 275�C. Ta2O5 films grown at 325�C exhibited

lower Cl contamination and higher dielectric constants than films grown at 275�C [41].

10.5.1.7 La2O3

La2O3 ALD films have been deposited using La(thd)3 and O3 [42]. Cubic La2O3 was formed at

growth temperatures above 300�C and the hexagonal phase formed upon annealing at 800�C.

Carbonate contamination decreased with growth temperature but was still significant (~3%)

even at growth temperatures � 400�C. The La2O3 films were unstable in air and no dielectric

constant measurements were reported in this investigation. From other investigations, the

dielectric constant of La2O3 was reported as k � 30 [1].
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10.5.1.8 TiO2

TiO2 ALD film growth has been described in numerous papers [6]. However, no dielectric 

constant values have been reported in these studies. Previous researchers have indicated that their

TiO2 ALD films were too leaky to measure the dielectric constant [43]. Titanium precursors

included TiCl4, TiI4, Ti(OCH(CH3)2)4, and Ti(OC2H5)4 [6]. H2O and sometimes H2O2 were used

as the oxygen precursor. Dielectric constant values for TiO2 include k � 50 [4], k � 80 [1] and k

� 100 [3] depending on the crystalline phase of the TiO2.

10.5.1.9 Nb2O5

Nb2O5 ALD films have been grown using Nb(OC2H5)5 and H2O at temperatures from

150–350�C [44]. No electrical measurements were reported in this investigation. However, the

same researchers indicated that Nb2O5 had a dielectric constant of k � 50–200 with high leakage

currents in a separate study [45]. In another investigation, a dielectric constant of k � 163 was

measured for Nb2O5 ALD films grown at 325�C [46]. In similarity to TiO2, the low resistivity of

Nb2O5 films is attributed, in part, to slight deviations from the ideal stoichiometry [11, 46].

Monocrystalline Nb2O5 was reported to have a dielectric constant of k � 35–50 [11].

10.5.2 Ternary perovskites grown by ALD

Perovskites tend to have very large dielectric constants due to their ferroelectric properties at

temperatures below their Curie point [1]. These ceramics have a face-centered-cubic crystal

structure and no net polarization of charge above their Curie point. Below this temperature, the

ions shift to create a permanent dipole in the material and a very high dielectric constant.

There is some indication that the dielectric constant of perovskites decreases for thin films

with thicknesses � 1 �m [2]. This lack of scalability may mean that perovskites do not have an

advantage over other high-k materials for memory and logic applications. Problems may also arise

due to the low Curie temperature of some of these perovskite materials. The lower Curie 

temperature will make those perovskites unsuitable for devices with high operating temperatures.

BaTiO3 (BTO) ALD films have been deposited using barium(pentamethylcyclopentadi-

enyl), titanium tetraisopropoxide and water precursors at 275�C [47]. These BaTiO3 ALD films

yielded a dielectric constant of k � 165 after annealing at 500�C. BaTiO3 ALD has also been

achieved using barium dipivaloyl-methane chelate (Ba(DPM)2
. 2tetraene), titanium tetra-

isopropoxide and H2O [48]. These films produced a dielectric constant of k � 90.

SrTiO3 (STO) ALD films have been deposited using strontium bis(triisopropylcyclopen-

tadienyl), titanium tetraisopropoxide and water precursors at 250–325�C [47, 49]. These STO

ALD films yielded a dielectric constant of k � 180. Additional studies measured a dielectric 

constant of k � 170 using strontium dipivaloyl-methane chelate (Sr(DPM)2
. 2tetraene), titanium

tetraisopropoxide and H2O [48].

340 M.D. Groner and S.M. George

TSMC Exhibit 1011



Additional studies have tried to grow other perovskite materials. Attempts were made to

deposit Bi4Ti3O12 using triphenyl bismuth, titanium isopropoxide, and water precursors [50].

This effort yielded Bi2Ti2O7 with a dielectric constant of k ~ 60 after annealing at 500�C.

However, Bi2Ti2O7 is not a perovskite. LaMnO3 was also deposited using La(thd)3, Mn(thd)3

and ozone precursors at temperatures above 250�C [51]. Unfortunately, no dielectric constants

were reported in this study.

10.5.3 Properties of composite dielectric materials

Because finding one high-k material that exhibits all the desired properties is difficult, there

have been many efforts to combine different materials to obtain the desired properties.

Depending on the manner in which the materials are combined, the composite materials may be

referred to as mixed materials, solid solutions, doped materials, nanolaminates, or superlattices.

Mixed materials and solid solutions refer to fairly homogeneous mixtures of different materials.

Superlattices and nanolaminates are layered materials. Doping refers to the intentional 

introduction of small amounts of impurities into a material.

In many cases, the resultant composite materials tend to have properties that are some-

where between those that were combined to make the composite material. This expectation is

often referred to as the ‘rule of mixtures’. However, this ‘rule of mixtures’ behavior is not always

observed in practice. Combining materials can sometimes result in unusual and unexpected

properties such as extremely high dielectric constants or negative differential resistance. For

example, the perovskites SrTiO3 and BaTiO3 have high dielectric constants (k � 100). Much

higher dielectric constants of k ~ 103–104 have been achieved when these perovskites are mixed

to form BaxSr1�xTiO3 (BST) [2]. BST has been used in bulk capacitors and is being investigated

for DRAM capacitor applications. Even higher dielectric constants of k � 104 have been

achieved by doping high-k perovskites materials [3].

Composite dielectric materials are often fabricated to prevent the crystallization of high-k

dielectrics under processing conditions. Metal oxides are alloyed with SiO2 and Al2O3 to prevent

their crystallization. The oxides of La, Hf, Zr, and Y have been alloyed with SiO2 [2]. The dielectric

constants of 50/50 alloys of these materials were predicted and, in some cases, measured to be

approximately an average of the two materials.

The crystallization temperature increased approximately proportionally with Si concen-

tration in the La2O3/SiO2 alloy. The crystallization temperature increased from ~400�C for pure

La2O3 to over 1000�C for an alloy with 70% SiO2 content [2]. No crystallization was reported for

La2O3/SiO2 alloys above 70% SiO2 content. Promising results have also been achieved with 

Si-doped zirconium aluminates [52]. These materials exhibit reasonably high dielectric constants

of k � 15 without crystallization during typical processing conditions. Zr and Si dopants have

also been used in Al2O3 to quench traps and reduce leakage currents [53].
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ALD is particularly well suited for depositing mixed materials (solid solutions) and 

layered materials (nanolaminates, superlattices). The exact sequence of a large number of 

different reactant pulses used to deposit the film can be easily and precisely controlled during

ALD. Various properties of composite materials can be tailored to meet the requirements for spe-

cific applications. Mixed materials can be deposited by alternately dosing the various precursors

for the different materials. Nanolaminates are formed by depositing more than one monolayer of

each material before switching to the other set of precursors. ALD allows for the precise control

of the thickness of the individual layers. TEM images have shown that ALD can conformally and

uniformly coat 3D structures with multilayer nanolaminates [22].

10.5.4 Composite materials grown by ALD

Many nanolaminates and solid solutions consisting of combinations of Al, Hf, Nb, Ta, and Zr

oxides have been grown using ALD. Dielectric constants ranging from k � 28 to k � 98 were

measured for mixed NbxTayO solutions and Nb2O5/Ta2O5 nanolaminates [54]. In addition, the

leakage currents were lower than the leakage currents measured for the individual materials.

The addition of ZrO2 further reduced the leakage currents and yielded k � 28–33. Another

study of the NbxTayO system was performed and reported dielectric constants as high as k � 38

with increasing Nb concentration [55]. Later studies investigated the temperature dependence

of the electrical properties of (Nb1�xTax)2O5 films and measured k � 24–38 [46].

Ta2O5/HfO2 nanolaminates have also been grown by ALD [56]. The dielectric constant of

the nanolaminates varied between the dielectric constant of pure HfO2 (k � 16) and pure Ta2O5

(k � 25). However, the leakage currents of the nanolaminates were many orders of magnitude

lower than the pure materials. The low leakage is attributed to the nanolaminate structure hin-

dering HfO2 crystallization. Similar trends were observed for Ta2O5/Al2O3 and Ta2O5/ZrO2

nanolaminates [57]. However, for the Ta2O5/ZrO2 nanolaminates, the dielectric constant of k ~ 28

was higher than the dielectric constant of pure Ta2O5 (k ~ 25) or pure ZrO2 (k ~ 19).

The dielectric properties of Nb2O5/Ta2O5 and Nb2O5/Al2O3 nanolaminates and solid 

solutions were also investigated more thoroughly in recent investigations [11]. The addition of Al

and Ta to Nb2O5 dramatically decreased leakage currents by hindering crystallization. In the case

of nanolaminates, crystallization was hindered by decreasing the Nb2O5 layer thickness. The 

measured dielectric constants were generally related to the percent composition of the material.

Ta2O5 and Al2O3 nanolaminates have displayed dielectric constants from k � 8.1 to k � 28

as the Ta2O5 layers became thicker and Al2O3 layers became thinner [29]. A related study

showed similar results with dielectric constants rising from k � 8.4 to k � 24 with increasing 

percentage of Ta2O5 [25]. The leakage current of Ta2O5 also decreased drastically with the addition

of Al2O3. Al2O3/ZrO2 dielectric stacks have also been deposited by ALD [58]. A NH3-treated

silicon surface was used to deal with the nucleation problems of growing Al2O3 on H-passivated

silicon. EOT thicknesses of � 1 nm were achieved using this approach while keeping leakage

currents at ~1 mA/cm2.
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HfO2–SiO2 and La2O3–SiO2 dielectric alloys have been grown to combine the crystallization

resistance of SiO2 with the high dielectric constants of HfO2 and La2O3 [59]. No k values were

reported in this work, but similar mixed films had dielectric constants between the dielectric

constants of the individual films [2]. For the partially crystallized ZrxTiyO ALD films grown at

300�C, the dielectric constant was k � 45–65 when grown on ITO [43]. However, the effective

dielectric constant was only k � 35 when grown on silicon. This lower dielectric constant probably

resulted from an interfacial oxide layer.

The perovskite materials have also been explored in alloys and nanolaminates. Much of

this work has focused on BaSrTiO3 (BST). Several investigations have used ALD to fabricate

SrTiO3/BaTiO3 solid solutions and nanolaminates [48, 60]. The maximum dielectric constant of

k � 450 was measured for a 20/2 monolayer SrTiO3/BaTiO3 superlattice. This dielectric constant

compares with k � 170 for SrTiO3 and k � 90 for BaTiO3. The unusually high dielectric constants

are attributed to the lattice strain at the SrTiO3/BaTiO3 interfaces. This lattice strain results in 

a change in polarization.

Dielectric relaxors are a class of dielectric materials with very high dielectric constants.

Dielectric constants up to k � 10 000 have been measured for La-doped PZT [4]. Even higher 

k values as high as k � 65 000 have been measured for BaTi1-xSnxO3 [3]. No reports of the ALD

growth of dielectric relaxors were found at the time of this review. However, this area remains

an exciting possibility for ALD and awaits future research.

10.5.5 Future use of ALD in device fabrication

Most known high-k materials have been successfully deposited by ALD. These high-k materials

deposited by ALD exhibit dielectric constants comparable with films grown by other tech-

niques. The ease by which ALD can be used to grow mixed films and nanolaminates promises

to facilitate the discovery of new composite high-k materials. These composite high-k materials

can be designed for the best combination of high dielectric constant and low leakage current.

Despite all the promising research on alternate high-k materials, there are problems for

microelectronics applications of high-k ALD films. The main problem is that the dielectric 

constant of high-k films tends to decrease significantly when the thickness is decreased to a few

nanometers. For example, the dielectric constants for Al2O3 ALD films of various thickness on

Si(100) are shown in Fig. 10.5. The primary reason for this decrease is that many high-k

dielectrics, such as Al2O3, tend to form interfacial SiO2 when in contact with silicon. The inter-

facial oxide reduces the gains that can be achieved with high-k materials. The elimination of this

interfacial SiO2 is a critical goal that should be the focus of future research.

Materials with very large dielectric constants, like perovskites, also do not appear to be

scalable. The crystal structures that lead to the high-k values are no longer present in thin films.

This lack of scalability will restrict the application of perovskites to devices with thicker 

dielectric films.
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Researchers are also investigating alternate device designs in conjunction with high-k

research [2]. Many of these devices are vertical designs rather than the conventional planar

designs. Vertical designs will allow for increased device density. These vertical designs include

high surface area trench capacitors [20] and vertical transistor geometries [61]. ALD allows for

the uniform, conformal coating of complex 3D structures. Consequently, ALD is uniquely suited

for fabricating these vertical device structures.

Al2O3 ALD films have been used to coat uniformly high surface area, cylinder-type poly-

Si to make 1 Gbit DRAM [20]. By using a TiN top electrode to make a MIS structure, a 1 Gbit

DRAM has been achieved with a cell capacitance of 30 fF and a leakage current of only 

0.5 fA/cell at 1.2 V. Vertical replacement-gate (VRG) n-MOSFET devices have also been 

produced using Al2O3 and HfO2 films grown by ALD [61]. The devices fabricated using HfO2

films had an EOT of only 15 Å with very low leakage currents densities of 10�7 A/cm2. This

geometry produced 50 nm transistors that was a record as of 2001. Lastly, a new approach for

high-density flash memory involves using Si quantum dots grown on a thin tunneling dielectric.

A recent study has shown that Al2O3 tunneling dielectrics � 1 nm thick deposited by ALD are

superior to the previously used Si3N4 and SiO2 dielectrics [62].

10.6 Conclusions

Many promising high-k materials are currently being investigated as dielectric materials to

replace SiO2. However, the stringent requirements for microelectronics applications have

proven extremely challenging. While some promising results have been obtained, the search for

the ideal high-k material is continuing and leading towards various kinds of composite high-k

materials and even new device structures. Atomic layer deposition (ALD) is an exciting and

emerging deposition technology that promises to play a key role in enabling the fabrication of

these new types of materials and structures. ALD facilitates the conformal, atomic layer con-

trolled growth of high-k materials on 3D surfaces at temperatures that are generally lower than

those required for CVD. ALD is also especially well suited for making various types of com-

posite mixed materials and nanolaminates. The nanoengineering of materials using ALD has

created composite materials that combine the desirable properties of different materials. These

nanocomposites can also sometimes exhibit unexpectedly high dielectric constants. The ability

of ALD to coat complex structures with thin high-k films is also essential for the development

of some new alternate device structures.
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