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Abstract

In 2007 there was an important change in the architecture of nanotransistors - the build-

ing blocks of modern logic and memory devices. This change was from utilising ther-

mally grown silicon dioxide as a dielectric to so-called high-κ hafnium oxide dielectrics

grown by atomic layer deposition. The first production logic devices of this era used a

hafnium oxide dielectric layer deposited by thermal atomic layer deposition; using HfCl4

and H2O as the precursors. Present day fabrication makes use of hafnium oxide-based

atomic-layer-deposited dielectric films. The latest nanotransistor devices utilise a third

generation hafnium oxide-based dielectric material.

This thesis examines hafnium oxide-based thin film dielectric materials prepared by

thermal atomic layer deposition on silicon substrates. Specifically the enhancement of

the dielectric response of hafnium oxide by the addition of other elements is examined.

Two ternary materials systems were deposited by thermal atomic layer deposition and

analysed: titanium-hafnium oxide and cerium-hafnium oxide. Hafnium oxide films were

deposited to be used as measurement benchmarks. Cerium oxide films were also de-

posited and analysed in their own right as potential dielectric layers.

The hafnium oxide and both ternary deposition experiments used (MeCp)2Hf(OMe)(Me)

as the hafnium precursor. The titanium-hafnium oxide growth used Ti(iOPr)4 as a ti-

tanium source and the cerium oxide and cerium-hafnium oxide work utilised Ce(mmp)4

as a cerium source. Post-deposition specimen sets consisted of an as-deposited sample,

a sample spike-annealed in N2 at 850 ◦C and a sample annealed for 30 minutes at 500
◦C. These annealing regimes were performed to mimic typical gate-first and gate-last

transistor processing steps. The compositions and thicknesses of the films were mea-

sured using medium energy ion scattering. The structure of the films was analysed by

X-ray diffraction and Raman spectroscopy. Capacitance-voltage and current density-

field measurements were taken from fabricated MOS capacitor specimens to assess the

dielectric response of the films.

X-ray diffraction and Raman measurements showed that un-doped HfO2 had monoclinic

crystallinity as-deposited and after the two annealing regimes. The dielectric constant

and leakage current density, 17 and 1.7×10−7 A/cm2 at -1 MV/cm respectively, are
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consistent with values reported in the literature for HfO2 films.

The addition of titanium suppressed the crystallinity of the material resulting in amor-

phous films in compositions with Ti0.3Hf0.7O2 titanium and above. The optimum elec-

trical results were recorded for the titanium-hafnium oxide material in the composition

Ti0.5Hf0.5O2 which had a dielectric constant of 35 as-deposited and a leakage current

density of 1.0×10−7 A/cm2 at -1 MV/cm. This composition of film demonstrated sim-

ilar values after the 500 ◦C/30 min anneal but both dielectric constant and leakage

current density suffered after the 850 ◦C/spike anneal; 22 and 1.8 ×10−6 A/cm2 at -1

MV/cm respectively. Films with compositions of Ti0.1Hf0.9O2 demonstrated much lower

dielectric constant and higher leakage current density, especially after heat treatment.

The addition of cerium in a Ce0.11Hf0.89O2 composition was found to suppress crys-

tallinity as-deposited and then provoke a lattice-substitutional phase change to the

metastable tetragonal/cubic phase after both types of heat treatment. This cerium-

activated phase change resulted in a molar volume modulation compared to un-doped

HfO2. An increased dielectric constant compared to un-doped HfO2 of 31 was recorded

for the 500 ◦C/30 min anneal with the 850 ◦C/spike anneal resulting in a lower value of

21. Leakage current density was 1.3 ×10−7 A/cm2 and 3.2 ×10−7 A/cm2 at -1 MV/cm

respectively for the same anneals.

Deposition with Ce(mmp)4 and water was found to result in cubic crystalline films across

a growth temperature range 150–350 ◦C. The frequency dependency of the dielectric

properties was found to be influenced by the crystallite size which was governed by the

deposition temperature. The highest dielectric constant, 42, was measured for the 150
◦C growth temperature with C-V measurements performed at 1 MHz.

The two doped HfO2-based materials systems studied have demonstrated potential as

dielectric materials for use in future nanoelectronic devices.
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Chapter 1

Technological context

1.1 Introduction

The experimental work in this thesis focusses on potential improvements to hafnium-

based dielectric materials; specifically in the context of dielectric layers in metal oxide

semiconductor field-effect transistors (MOSFETs). The basic building block of mod-

ern logic circuits is the complementary MOSFET (CMOS) which utilises opposite pairs

of MOSFETs. Central to the continued technological advancement of CMOS devices is

the continued downscaling of MOSFETs and the issues associated with this downscaling

when important materials property limits are reached. Figure 1.1 shows the reduction

in CMOS technology node1 in production transistors over the last ten years. With

each technology step comes innovations in MOSFET design and materials which are

briefly indicated in the figure. These innovations have often been vital in the continued

miniaturisation of CMOS, frequently solving problems that seemed to signify the end of

the technology. In 2007, when the MOSFET technology node had reached 45 nm, the

CMOS fabrication industry moved to replace the incumbent dielectric layer, SiO2, with

a high-κ (higher permittivity in comparison to SiO2) material: HfO2 [1]. This step was

taken as SiO2, or SiON as was used in the late SiO-based transistors, could not be scaled

any further without resulting in unacceptable levels of current leakage during device op-

eration. Coupled with the necessary change in insulating material was a need to replace

the previous gate electrode material, polycrystalline silicon, with a metal gate material.

1Technology node: minimum gate length utilised in transistor production; used as the main descriptor
of each generation of MOSFET.

1
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As well as changes made to device materials the dielectric layer substitution required

a change in process technology and atomic layer deposition (ALD) was introduced

as the deposition technique adopted by industry for dielectric layer growth [2]. Intelr

have utilised ALD for dielectric film deposition from the 45 nm node in 2007 to the

present day [3]. These materials and process changes represented a massive shift for the

CMOS fabrication industry. Another gate length, 32 nm, was achieved with a second

generation high-κ material in 2009 [4]. Recently Intelr reported a change in direction

from planar MOSFET devices, to a new ‘Trigate’ geometry for the 22 nm gate length

[5], which is now “in volume manufacturing”. This represents a change from ‘planar’

MOSFET devices to ones that exploit three-dimensional transistor geometry as well as

a third generation high-κ dielectric. Table 1.1 lists some technical data that accompany

the MOSFET downscaling outlined in figure 1.1. As can be seen the technology node

value is not necessarily the smallest dimension; the physical gate length (Lg) is usually
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Figure 1.1: Progressive MOSFET technology nodes (minimum gate length) over the
last ten years; specifically Intelr’s technology generations introduced bi-yearly.
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smaller. Technology node values reflect the dimensions that can be produced by the

current lithography technology, which is the method used to ‘print’ the nanocircuitry

onto the substrate. Values in table 1.1 are split into relevance for high-performance

(HP) and low standby power technology (LSPT). Effective oxide thickness (EOT) is the

thickness of the gate dielectric material expressed as the equivalent thickness of SiO2

that would exhibit the same permittivity as SiO2. Ion and Ioff are the on and off-state

current of the device. VDD is the supply voltage. What can be seen across the table is a

trend in increasing Ioff with each iteration of gate length. This has resulted in a serious

power consumption issues - a high Ioff means the circuit consumes a large amount of

power in standby mode - and the reduction in the values for the 2012 technology node

are a result of the introduction of the new device architecture at 22 nm. Other trends

Table 1.1: MOSFET technology nodes from 90 nm to 22 nm and related technical
data. From [6], chapter 7.

Year of introduction 2003 2005 2007 2009 2012

Technology node (nm) 90 65 45 32 22
Lg (nm) (HP/LSTP) 37/65 26/45 22/37 16/25 13/20
EOT (nm) (HP/LSTP) 1.9/2.8 1.8/2.5 1.2/1.9 0.9/1.6 0.9/1.4
VDD (V) (HP/LSTP) 1.2/1.2 1.1/1.1 1.0/1.1 1.0/1.0 0.9/0.9
Ion (µA/µm) (HP) 1100 1210 1500 1820 2200
Ioff (µA/µm) (HP) 0.15 0.34 0.61 0.84 0.37
Ion (µA/µm) (LSTP) 440 465 540 540 540
Ioff (µA/µm) (LSTP) 1E-5 1E-5 3E-5 3E-5 2E-5

in the data are the reduction of VDD and the increase in Ion with each technology node.

The reduction of VDD is an ongoing way of decreasing the power consumption per chip

while the increase in Ion is desirable to raise circuit speed.

This chapter introduces the device architectures discussed in this introduction, build-

ing up from the simpler metal-oxide-semiconductor (MOS) capacitor and p-n junction

structures. After this the technical issues that relate to device scaling are discussed and

an overview of the thesis is presented.



Chapter 1. Technological Context 4

1.2 Device architecture and physics

1.2.1 Metal-oxide-semiconductor capacitor

A MOS capacitor is a two-terminal device which comprises a semiconductor substrate,

an oxide insulating layer and a metal contact on top. The base of the substrate is coated

in an Ohmic conducting layer such as aluminium (the dark strip at bottom of each MOS

drawn in the schematics in figure 1.2). Here an ‘Ohmic conductor’ is one that has linear

I-V characteristics under device measurement conditions. The substrate is commonly

silicon, usually doped with either boron or phosphorous to produce p-type or n-type Si

respectively. The purpose of the doping2 is to introduce atoms that substitute for Si

atoms in the crystal lattice that have one less or one more valance electron respectively

than Si in the case of B or P. Si is a group IV element in the periodic table, B and P are

examples of group III and group V elements respectively. These electrically-enhanced

‘extrinsic’ material states are opposed to intrinsic, or un-doped, semiconductors which

have a carrier density based on intrinsic materials properties instead of being governed

by the influence of dopants. An intrinsic semiconductor has an electrical conductivity

derived from defects in the material or thermal excitations that promote carriers across

the energy band gap between the valance and conduction bands. Intrinsic Si has an equal

number of holes and electrons and the purpose of the dopant additions is to produce

substrates which have a majority concentration of either holes (p-type) or electrons (n-

type). In a lattice of covalently-bonded Si atoms one of the bonds around a substitutional

B would have an electron missing whereas one of the bonds around a substitutional P

would have an extra, loosely-bound electron. The missing electron site is an acceptor

site or ‘hole’ which is considered a charge carrier in its own right with equal and opposite

charge to an electron (the charge on an electron is -1.602×10−19 Coulombs). The oxide

layer in a MOS capacitor is a dielectric oxide, described in more detail in chapter 2,

which functions as an insulator. The interface between it and the substrate is essential

to the functionality of the device. Figure 1.2 depicts the basic layout and shows MOS

capacitors in four different operational states. The devices in the diagram comprise of

2The term ‘doping’ is used later on to describe the addition of substitutional atoms to a hafnium
oxide matrix but the rationale for the two processes is very different. Doping in Si involves additions of
∼1016 dopant atoms per cm3. Si would generally have some 1022 atoms per cm3 in its lattice meaning
additions in the millionths of atomic percents.
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Figure 1.2: Schematic of p-type substrate MOS capacitor layout in various device
modes depending on applied voltage. The open circles represent holes and the filled

ones electrons (not to scale)
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a p-type substrate (Si with B doping, majority of available carriers are holes), a SiO2

dielectric oxide, a metal contact and metal Ohmic base contact. Without an applied

voltage the device sits in thermal equilibrium (figure 1.2(a)). If a negative potential is

applied to the metal contact and the majority carriers, holes in this case, accumulate at

the Si/SiO2 interface (figure 1.2b) the device is in a state of accumulation. If a small

positive potential is applied to the metal contact the charge carriers in the section of

substrate nearest the oxide/substrate interface are repelled, forming a region depleted of

holes. This is called depletion (figure 1.2c), the grey band beneath the oxide represents

the depletion zone. If the magnitude of the applied positive potential is increased the

region depleted of carriers continues to grow beneath the oxide. Eventually it becomes

energetically favourable for electrons present in the p-type substrate to congregate at

the interface. This phenomenon of the minority carrier type amassing at the interface

to that provided in excess by the type of doping is called inversion (figure 1.2d). The

migration of electrons is not instantaneous and a quickly-pulsed applied potential can

push the depletion level further than it should be allowed energetically. This state

of extra depletion without inversion occurring is called deep depletion. In order to

enhance this discussion of device modes of operation we now introduce the concept of

the Fermi energy level and the electron band structure of a material. Figure 1.3a

Figure 1.3: a Schematic curves for the Fermi function demonstrating the effects of
temperature. b Electron occupation of the energy bands in a metal and semiconduc-

tor/insulator.
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depicts a schematic of the Fermi function, f(E), for an electron. The function describes

the Probability of an electron occupying a state at a given energy relative to the Fermi

energy EF . The function is temperature dependent as shown for two temperatures

T1 and T2 where T2>T1. At T=0 K the Fermi function becomes a step function

with f(E<EF )=1 and f(E)>EF=0. At E=EF , f(E)=0.5 independent of temperature.

Figure 1.3b is a schematic drawing of the electron occupation of the energy bands

in a metal and semiconductor or insulator. In a metal the highest occupied band is

partially filled with electrons at 0 K. The fill level represents the Fermi level for a metal.

Because of this the electrons can easily move into empty states and transport charge,

making metals excellent conductors. The separation between the vacuum energy level3

for electrons and the fill level of the partially filled band is called the work function of

the metal. This is the minimum energy necessary to remove an electron from the metal

surface. A semiconductor’s valance band is completely filled and at 0 K its conduction

band is completely empty. The band gap is the energy separation between valance and

conduction band and the Fermi level is contained within the band gap. In a filled band,

electrons cannot affect electrical conduction as they must move into an empty state to

do so. This process involves promotion of electrons from valance to conduction band,

and the width of the band gap has direct implications for the resistivity of the material.

The separation between conduction band edge and vacuum energy level for electrons is

the electron affinity.

Figure 1.4 demonstrates the effect on energy band structure for a MOS device in

the four device states described in figure 1.2. With no applied voltage (figure 1.4a) the

device is in thermal equilibrium with band-lines denoting the valance band energy for

the substrate EV , the conduction band of the substrate EC , and the Fermi level EF

of the metal. The dashed EF line shows the position of the equilibrium Fermi level

in comparison to the changes in Fermi level brought about by applied voltage. In an

un-doped, intrinsic Si substrate EF would sit exactly between EV and EC defining the

energy level at which the probability of occupation by an electron is 1/2. Dopant atoms

in the lattice have the effect of creating energy levels within the band-gap. In p-type

Si for example the effect is to shift the Fermi level closer to the valance band which

3Vacuum energy level: the energy of a free, stationary electron contained in a vacuum. Often used
as an arbitrary reference point in energy band diagrams.
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Figure 1.4: Schematic energy band structure for a MOS device in various device
modes depending on applied voltage.

is why EF is drawn closer to EV in figure 1.4. This Fermi level position can change

with applied potential in both the metal contact and substrate. Figure 1.4a depicts the

band structure of a MOS device in thermal equilibrium with no applied voltage. In an

ideal MOS device the work functions of the substrate and metal gate are equal with no

applied voltage and the bands of the semiconductor substrate are flat. In a real device

the charges trapped at the interface and in the oxide, as well as the difference between

the gate/substrate work functions, shift the flatband voltage from this ideal. Sources

of oxide charge are discussed in relation to electrical measurements in section 4.2.1.

In accumulation, with an applied negative voltage (figure 1.4b) the majority charge

carriers, holes, congregate at the oxide/substrate interface. The Fermi levels in the metal

and substrate shift relative to each other causing band bending in the substrate EV and

EC bands. At the substrate/oxide interface this results in the EV band edge crossing
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over the EF level of the substrate leading to the hole population on the diagram. The

state of depletion (figure 1.4c) comes from an applied voltage greater than zero but less

than the threshold voltage, Vth, necessary for inversion. Band bending occurs due to the

shift in relative Fermi levels but not to the extent necessary for minority charge carriers

to group at the interface. In inversion (figure 1.4d) the applied voltage is of sufficient

magnitude (V>Vth) for the substrate conduction band edge to bend to a level close to

the energy of the Fermi level, resulting in the minority electron carrier population in the

diagram and also in the MOS capacitors drawn in figure 1.2d.

1.2.2 P-n junction

Where materials doped p and n-type meet at an interface they form what is referred to as

a p-n junction. At such a junction the interface divides a p-type region with a density of

acceptor dopant atoms and an n-type region with a density of donor dopant atoms. The

acceptor and dopant atoms are those resulting in the majority concentration of holes and

electrons respectively. At the junction electrons and holes diffuse across the junction into

the electron and hole-deficient regions respectively. Figure 1.5 depicts the band structure

of a the p and n-type materials unconnected and b the p-n junction. These diffusing

Figure 1.5: Schematic diagram of band structure of a p-n junction; ‘w’ denotes the
width of the depletion region
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charge carriers annihilate on contact with opposite charge carriers leaving the donor and

acceptor ions near to the junction. This strip of opposing ions along each side of the

junction forms the so-called depletion region at the junction. The areas of acceptor and

donor ions create an electric field in the region which results in charge carrier drift in

the opposite directions to the hole/electron diffusion. At thermal equilibrium a balance

is reached between the diffusion and drift of both types of charge carrier and the Fermi

level is constant across the interface (see figure 1.5b). P-n junctions are diodes in that

they allow current flow in only one direction.

1.2.3 Metal oxide semiconductor field-effect transistor

The MOSFET is based on a doped Si substrate as before but has two regions of oppo-

sitely doped Si underneath the oxide that will define the channel that the charge carriers

flow in in the device modes described in section 1.1.1. The metal contact described in the

MOS diode is now termed the gate and is separated from the substrate by the oxide as

before. The oppositely doped areas have contacts attached to them directly throughout

the oxide which are called the source and drain. Figure 1.6 shows the basic layout of

an n-channel (electrons as device-activating charge carriers) MOSFET (NMOS) in the

four device modes described already for the MOS capacitor. If we consider that the

substrate is p-type the device would utilise n-type source and drain regions. Figure 1.6a

shows the MOSFET in accumulation. A negative voltage applied to the gate (VGS-)

draws the majority carriers, holes, from the p-type substrate to the channel below the

dielectric oxide. As the source and drain are doped n-type they form p-n junctions at

the source/channel and channel drain interfaces, meaning no current flows. Figure 1.6b

shows the state of depletion for an NMOS with the holes being repelled from the chan-

nel area by the positive gate charge. A carrier-free depletion layer forms in the channel

beneath the oxide layer and around the source and gate regions. If this positive voltage

is high enough, above a threshold voltage Vth, an inversion layer forms in the channel

below the dielectric layer; in our example this effectively joins up the source and drain

with an n-type connecting channel (figure 1.6c). Although this connects the n-type

source and drain with an n-type channel of carriers no current flow occurs until a drain

bias is applied (VDS). Figure 1.6d shows this bias applied and the direction of current
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Figure 1.6: Schematic of n-channel MOSFET construction in a Accumulation, b
Depletion, c Inversion and d Inversion with a drain bias applied. e and f show the

band structure for the device in inversion from two different projections.
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flow. This enhancement-mode4 MOSFET can now function as a switch with a drain bias

applied and VGS alternated above and below Vth. Figure 1.6e show the energy band

diagram for the device in inversion in the same projection used for band diagrams in the

rest of this chapter; the source should be imagined towards the reader with the drain

behind the page. With no applied gate voltage the source/channel and channel/drain

interfaces form p-n junctions either side of the channel. Figure 1.6f depicts a rotated

band diagram for the same projection as the device schematics on this page. An applied

voltage brings the conduction band down close to the Fermi level, reducing the barrier

formed by the p-n junctions and allowing current flow in the channel. Application of the

drain bias distorts the band structure in the axis perpendicular to the page resulting in

the lower energy band levels for the drain region. This is important because the appli-

cation of VDS injects current into both the doped regions, source and drain. As such

a large enough VDS must be applied to lower the bands of the drain region, reducing

the number of carriers injected from the drain region to negligible and resulting in a net

source-to-drain current.

A p-channel MOSFET (PMOS) is the same in construction and operation to the

NMOS description but with a reversal of doping and hence activation voltage. In a

PMOS device the substrate would be doped n-type with p-type source and drain regions.

Application of a negative voltage over Vth for the device would produce an inversion

layer of holes connecting the p-type source and drain. This description shows that the

quality of interface between substrate and dielectric is important considering that it is

this region in which charge flows in a MOSFET in inversion.

Figure 1.7 depicts a simplified series of schematic diagrams that describe the key

process steps in MOSFET fabrication; specifically in a ’gate-first’ type of fabrication

process. Modern MOSFET fabrication is more complicated than this treatment but the

objective is to contextualise the experimental work in this thesis using fabrication steps

as examples. Step 1.71 is the starting substrate, p-type Si in this case. Step 1.72 is

the deposition of the high-κ dielectric film via ALD. In steps 1.73 and 1.74 the oxide

is selectively removed, in a process called lithography, to leave room for the source and

4A depletion-mode MOSFET has a channel doped the same way as the source and drain. Current
flows with no applied voltage and the switching is done by ’pinching off’ this current with the application
of the relevant bias.
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Figure 1.7: Simplified schematic diagrams of MOSFET fabrication steps in a ‘gate-
first’ process.
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drain areas. In order to do this the material is first coated in a ‘photoresist’ - a material

sensitive to ultra-violet (UV) wavelength light. This is usually done by applying the

photoresist as a liquid and spin-coating the substrate followed by a short low-temperature

(∼90 ◦C) heat treatment to ensure a uniform, cured coating. The surface is then exposed

selectively to UV light through a photomask (step 1.73). The photomask is a quartz

photoplate which contains the desired patterns of the bank of transistors to be formed.

A ‘positive’ photoresist, like the one depicted here, contains a photo-sensitive stabilising

agent that prevents its dissolution in an etchant. In the areas not shielded from the UV

light by the mask this stabiliser breaks down. A subsequent application of an etchant

solution, and removal of the photoresist material, leaves the desired patterns in the oxide

(step 1.74). Next, n-type ‘wells’ are formed by ion implantation which uses an electric

field to accelerate ionised B, for example, into the substrate (step 1.75). Ion implantation

is used as it allows precision control over positioning and level of the doping. Following

this is a high-temperature rapid thermal processing (RTP) step employed to diffuse the B

atoms into the substrate in order to form the source and drain regions (step 1.76). This

RTP is typically ∼1000 ◦C and completed in ∼20 s. The RTP is said to ‘activate’ the

doped regions while also restructuring the damaged material after ion bombardment. As

a result of the diffusion extending in every direction from the implanted areas the source

and drain overlap the gate edges slightly. As such an activation anneal is necessary for

formation of the device regions it is an important parameter in device fabrication due to

the effect it can have on materials already in place. In this work the key issue is whether

the high-κ film will have to be subjected to this high-temperature RTP and what the

ramifications are in terms of the engineered materials properties of the film. In the

gate-first example of the diagram the next stage would be to apply a layer of conducting

metal that will form the gate material and contacts to the doped source and drain

regions (step 1.77). This is then selectively removed in steps 1.78 and 1.79 in a similar

lithography step to that described previously. Finally, step 1.710 is a ‘silicide anneal’

which is used to consolidate the interfaces between materials in the MOSFET structure

formed. After this contacts can be made to the source, drain and gate regions and the

basic MOSFET is complete. If a gate-last MOSFET fabrication strategy is employed

the high-κ film is deposited after the RTP anneal and hence only has to be subjected to
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the silicide anneal, which is lower temperature and lower temperature ramp-rate than

the RTP. Chapter 3 contains a section on heat treatments employed in the experimental

work and how the anneals performed are relevant to MOSFET fabrication steps. It is

the annealing steps 1.76 and 1.710 that are emulated in the heat treatments performed

before the electrical characterisation reported in the results chapters.

1.2.4 Complimentary metal-oxide-semiconductor

The complementary metal oxide semiconductor (CMOS) uses pairs of oppositely-doped

MOSFETs - a PMOS device in conjunction with an NMOS device. Typically these

devices are based on a p-type substrate with an n-type well in which the PMOS half

of the device can be situated. The reason for basing such devices on p-type substrates

is the higher mobility of electrons compared to holes. Not only is the functionality

of n-channel devices superior as a result, devices built on n-type substrates produce

more noise during measurements. An example of a combination device is the CMOS

inverter which uses a tandem NMOS and PMOS as shown in figure 1.8a. When the

input is negative the NMOS device shuts off and the PMOS device turns on, registering

a positive output voltage. Application of a positive input voltage turns on the NMOS

device and shuts off the PMOS resulting in a negative output voltage. In logic if a -V

input is assigned to 0 and a +V input is assigned to 1 the device performs a logical

inversion operation. Figures 1.8b and 1.8c show schematic circuit diagrams for a CMOS

inverter with a positive and negative Vin respectively. With a positive applied voltage

the NMOS device has current flow (1) where as the PMOS device is off (0). The current

has a direct path to the ground and so the output is 0 (figure 1.8b). With a negative

applied voltage the NMOS is off and the PMOS on. This means the VDD contribution

has a path to the Vout (figure 1.8c). CMOS circuits have the advantage of providing

very low static power consumption as in each static device mode either the NMOS or

PMOS are off and there is no current flow from VDD directly to the ground. Due to

this CMOS circuits consume much less power than other types of circuit.
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Figure 1.8: a Schematic of a CMOS transistor consisting of an NMOS and PMOS
pair. b A CMOS inverter circuit with a positive Vin. c A CMOS inverter circuit with

a negative Vin.



Chapter 1. Technological Context 17

1.3 MOSFET evolution

1.3.1 Scaling

The technology nodes plotted in figure 1.1 refer to the minimum metal line widths

involved in the fabrication of each successive technology generation in MOSFET minia-

turisation. Each technology node results in the reduction in minimum metal line width

to 70% of the previous line width; reducing the circuit area by half each time (i.e.

0.7×0.7=0.49: ∼50% reduction in area). Up to the 130 nm node this 0.7× reduction

was adhered to but from 90 nm onwards the scaling rate slowed as a consequence of

trying to fully exploit Si-based technology down to its limits and of the materials switch

in 2007 (see the shape of the plot in figure 1.1). This reduction in circuit area means

nearly twice as many units can be manufactured per unit wafer area, which reduces the

cost to produce MOSFET-based circuits significantly at each node (factoring in changes

in tool technology etc.). As well as fitting more devices per unit area the MOSFET

downscaling, and hence reduction in channel length, also has the effect of reducing the

carrier transit time in the channel, increasing the speed at which the MOSFET switching

can operate. Integrated circuit speed has increased by roughly 30% at each node [6].

Aggressive MOSFET scaling leads to a phenomenon known as the short-channel effect.

A depletion layer forms around the oppositely doped sections of the substrate beneath

the source and drain. A point in downscaling exists where the sum of the widths of these

depletion layers equals the physical length of the channel. In this case the depletion lay-

ers merge and the functionality of the MOSFET ceases due to an applied voltage at the

gate no longer controlling the current in the channel. Figure 1.9 demonstrates the short-

channel effect using a schematic of a MOSFET being reduced in channel length. The

grey transistor outline represents the initial long-channel MOSFET of channel length

L0. The grey arrows show the shrinking of the device into the MOSFET of channel

length L drawn in black. Superimposed on the diagram are the conduction band curves

for the long-channel and short-channel devices in grey and black respectively. If during

MOSFET scaling only the channel length is changed with other dimensions constant a

channel length is reached where the p-n junctions of the source/channel and the chan-

nel/drain overlap. This results in a conduction band profile like that drawn in black with
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Figure 1.9: Schematic diagram showing the origin of short-channel effects in MOS-
FETs; the light grey capacitor structure and EC curve represent a long-channel device
of channel length L0, with the black lines representing a short-channel device of channel

length L. After [7].

a reduction in barrier height (∆Φ). This conduction band reduction leads to a strong

increase in current in the device. To combat this effect all transistor dimensions, and

operating voltages, must be scaled together; the reductions plotted in figure 1.1 should

be thought of as scaled dielectric oxide thickness and power supply voltage alongside the

minimum metal line width.

The key issue with transistor miniaturisation, if the aspect ratios are kept constant to

avoid short-channel effects, is that of tunnelling. There are a variety of tunnelling pro-

cesses that result in electrons and holes negotiating the insulating layer in a MOS-type

device but the most important one to highlight is quantum mechanical (QM) tunnelling

(often referred to as ‘direct tunnelling’). The wave function of a particle is a probability

amplitude describing the particle’s behaviour in space and time. Direct tunnelling

involves charge carriers travelling through the insulating layer without residing in the

insulator’s conduction band. This occurs because the wave function of the charge carrier

doesn’t stop immediately at the insulator but decreases exponentially into the thickness

of the layer at a rate dependent on the energy barrier height of the insulator. Even a
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Figure 1.10: a Schematic diagram demonstrating direct tunnelling relative to a MOS
band structure, b the effect of including a thicker high-κ material as a dielectric layer.

material like SiO2, that has a wide band gap of ∼9 eV, can have a thickness at which

statistically charge carriers would be expected to cross the gap. This phenomenon has

been found to be independent of gate material, with a maximum in the electron concen-

tration found to be at ∼1 nm into the dielectric layer [8]. Figure 1.10a depicts direct

tunnelling through a 1 nm SiO2 dielectric layer and figure 1.10b demonstrates prevent-

ing the effect by utilising a thicker high-κ layer. Figure 1.10 has a representation of the

statistical electron concentration included at the bottom of each of the band diagrams

from QM analysis [8]. The QM effects only matter when the oxide is downscaled to near

the 1 nm thickness at which the maximum carrier concentration is found [9, 10]. One

solution is to install a high-κ5 layer in place of the SiO2 which is thick enough to prevent

unacceptable direct tunnelling levels while maintaining the same capacitance density. At

a few nm of dielectric thickness the QM effects are minimised and the Fowler-Nordheim

(F-N) tunnelling mechanism is prominent.

F-N tunnelling occurs due to the change in shape of the band profile of the dielectric

layer in a MOS with applied voltage. In figure 1.4d for example the triangular shape

at the top of the oxides energy profile is a result of the band bending caused by the

applied voltages effect on the relative Fermi levels. F-N tunnelling is a special case of

direct tunnelling as it still involves a statistical distribution of charge carriers across the

oxide energy barrier that have not interacted with the conduction band of the oxide

material. In the F-N tunnelling case the carriers are only travelling through part of the

5high-κ means high permittivity in a material and ’κ’ or ’dielectric constant’ values are quoted for
permittivity measurements made on dielectric materials.
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energy barrier and so this type of tunnelling mechanism can affect thicker films than

direct tunnelling; below a certain thickness the direct tunnelling mechanism takes over.

The scaling of transistors using SiON as a gate dielectric was limited to transistor

nodes above 65 nm. Below this node size the SiON gate oxide thickness was ∼1 nm

and leakage current densities were becoming unacceptably large. Work ensued to try

and find a balance between κ and thickness in new dielectric oxide layers with the aim

of continuing the downscaling of the nanotransistor building blocks of MOSFET-based

devices. The term ‘equivalent oxide thickness’ (EOT) is often used to describe how a

particular material’s permittivity compares to SiO2 (κ∼3.9) which has filled the role of

micro/nanotransistor dielectric for many years. EOT is defined:

EOT = (3.9/κ)t (1.1)

where 3.9 is the permittivity of SiO2 and κ and t are the permittivity and thickness

respectively of the particular material system. For example a particular material that

exhibits a permittivity of 39 could be 10 times as thick as its silicon oxide counterpart

and provide the same capacitance density. An acceptable level of current leakage is one of

several attributes that a would-be SiO2 replacement must deliver; indeed the dominance

of SiO2 in this area is more to do with its excellence as an all-round functional material

than just its dielectric properties - its thermal stability on, and adherence to, a silicon

substrate as well as its equiaxial growth on silicon as a result of simple heat treatment

are as important. Equally the leakage properties of the MOSFET stack rely on the

bandgap of the dielectric layer and specifically the band off-set in comparison to the

substrate. Some progress was achieved by using SiON as the gate dielectric and by

utilising opposing strains on the p and n-type sectors of the transistors but to continue

scaling a more radical switch was necessary. For metal gate/ high-κ high-performance

chip technology, necessary EOTs were quoted as: 45 nm node=10 Å 32 nm node=8

Å 22 nm node=6 Å [11]. Although these are equivalent oxide thicknesses they require

physical thickness values in the thickness regimes in which SiO2 fails to deliver as an

effective gate oxide.

With the replacement of SiO2/SiON as a dielectric oxide material in technologies

like CMOS the industry has switched from scaling SiO-dielectric-based devices to the
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equivalent scaling of devices using a replacement material. HfO2 became the next gate

dielectric material due to its thermal stability on silicon and similar lattice parameter

- the distance between neighbouring atoms in the repeating crystal lattice. This prop-

erty is important as matching lattice parameters between interfaced materials results

in a higher-quality interface; the interface being the region in which charge flows in a

MOSFET device. HfO2 also has a superior dielectric constant compared to SiO2 making

thicker films possible with the same capacitance density in the equivalence relation de-

scribed in equation 1.1. While some improvements remain in the optimisation of HfO2

films through tighter control over film stoichiometry, improving the quality of the film/-

substrate interface and ironing out thickness variations [12] this thesis work involves

permittivity enhancements to hafnia-based films via dopant additions.

1.3.2 Fabrication technologies

The last of the SiO-dielectric-based transistors utilised SiON as the dielectric material.

In fabrication SiO2 was grown thermally in dry O2 followed by a plasma nitration and

anneal. This processing produced SiON with 10–15% N and a dielectric constant of ∼4.8

[13]. Use of SiON helped to continue transistor scaling for another technology node but

the gate oxide was ∼1.1 nm; beyond this direct tunnelling would halt further progress.

The industry had no choice but to move away from thermal SiO-based dielectric layer

production and towards utilising a deposition technology. ALD was utilised during this

industry shift as the deposition technique due to its precise control of thickness and

composition [2]. In ALD, precursors that provide each kind of atom are transported

separately into the reaction chamber where they come into contact with the substrate.

In a ‘binary’ metal oxide deposition process the precursor that provides the metal atom

is fed into the chamber in a dose that is designed to saturate the acceptor sites on the

substrate and leave a ‘monolayer’ of the desired atom on the surface. The chemistry of

the precursor is designed to leave a surface that can then have an oxidant react with it

before any excess precursor material is cleared from the chamber in an inert gas purge.

The other half of the binary oxide growth would involve exposing the surface to an oxi-

dant like H2O or O3. This reaction step is followed by another inert gas purge and then

the steps are repeated to build up a film in alternate monolayers of metal and oxygen.
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More components can be included in a film’s growth by simply including extra steps

that involve other precursors coming into contact with the substrate. A more detailed

description of ALD is included in chapter 3.

Photolithography is the technique used to pattern banks of nanotransistors during fabri-

cation. As introduced schematically in figure 1.7 the method involves selective removal

of material leaving behind the desired circuit patterns. As MOSFETs have reduced

in size another major obstacle was the minimum possible feature size that could be

produced using photolithography. As the process uses light it is limited to the lowest

functional wavelength of light that can be produced. Modern lithography uses low-ultra-

violet-wavelength light in the order of 325 nm. The minimum feature size that could be

defined was a function of the working distance between the mask (g) and the photoresist

and this wavelength (λ) - feature size ≈
√
λg. For a working distance of 500 nm and

a wavelength of 325 nm this would still limit the minimum feature size to ∼403 nm.

Wavelengths of lithography sources were improved into the deep ultra-violet wavelength

range with the ArF excimer source that produces an incident line at 193 nm. From here

the resolution of the technique was improved by introducing a system of optics between

mask and resist that allowed much smaller features to be printed to the wafer: feature

size≈λ/NA, where NA is the numerical aperture of the optics. As well as switching

to ALD high-κ/metal gate for the 45 nm node, lithography had to be adapted - the

introduction of immersion lithography (IL). IL works by introducing a fluid into the gap

between the optics’ lens and photoresist. The fluid medium is chosen to have a refractive

index which further improves the NA of the lithography set up compared to having an

air-filled working distance between lens and photoresist. For the 22 nm technology node

production extreme ultra-violet lithography has been developed which uses a wavelength

of 13.5 nm from a laser produced plasma source.
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1.4 Thesis overview

Chapter 2 will cover Dielectric theory and the literature on attempts to improve on

hafnium oxide as a functional dielectric. Chapter 3, Experimental: Growth and

processing, and Chapter 4, Experimental: Analytical techniques, will describe

the experimental methods used in film deposition and film characterisation respectively.

Chapter 5, Results: HfO2, presents the deposition of and measurements made on

HfO2 thin films. Chapters 6 and 7, Results: Ti-HfO2 and Results: Ce-HfO2, will

introduce the cerium-doped and titanium-doped hafnium oxide systems. Chapter 8

will draw some Conclusions from the experimental work and subsequent analysis and

discussion in the results chapters.





Chapter 2

Dielectric materials

2.1 Dielectric materials theory

2.1.1 General dielectric theory

A dielectric is an electrically insulating material that is permeable to, i.e. can be po-

larised by, an applied electric field and therefore has the ability to store charge when an

external electric field is applied. Dielectrics don’t conduct via the transport of charge

carriers through the material but by the slight realignments of charges from their equi-

librium positions to give the material a net charge. This makes them relatively poor

conductors compared to materials with a dissociated sea of charge carriers like electrons

in metals. A measure of the susceptibility, χe, of a material to polarisation in an electric

field is given by

P = ε0χeE (2.1)

where E is the applied electric field in V/m2, ε0 is the permittivity of free space

(8.854×1012 Fm−1) and P is the induced dielectric polarisation density. As F converts

to C/V the units of P turn out to be C/m2. In an isotropic material the polarisation

is proportional to the applied field and aligned with the axis along which E is applied,

although in an anisotropic material they need not necessarily be aligned along the same

direction. The susceptibility is a dimensionless, material-dependent property that is

related to relative permittivity, εr, by

χe = εr − 1 (2.2)

25
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εr is interchangeable with ‘dielectric constant’ and ‘κ’ and is also a dimensionless prop-

erty. κ is independent of the strength of E for fields below a certain critical field at which

carrier injection into the material becomes an important factor. Dielectric polarisation

can be thought of as microscopic electrostatic strain stored in the material as a result

of the applied electrostatic stress. As this physical response to the applied field involves

masses in the material undergoing movement, acceleration and deceleration, then po-

larisation must have a time associated with it. Accordingly the frequency of an applied

alternating field can have an effect on the polarisation which is treated as a complex

function of the angular frequency of the applied field, ω, by

ε̂(ω) = ε̇(ω) + iε̈(ω) (2.3)

where i is
√
−1. Equation 2.3 separates the complex dielectric function into its real, ε̇,

and imaginary, ε̈, parts. ε̇ is related to the stored energy within the material and ε̈ is re-

lated to the dissipation of energy within the material both relative to the applied electric

field. A material may have several dielectric mechanisms that contribute to its overall κ

value. Figure 2.1 shows the position on a frequency scale of dielectric mechanisms and

their contributions to ε̇, and ε̈. Highlighted on the figure are the frequencies at which

space charge, dipolar, ionic and electronic mechanisms have an influence on dielectric re-

sponse. Moving along the frequency axis of the figure from slower to faster frequency on

the ε̇ trace it can be noted that each mechanism has a characteristic cutoff frequency at

which it drops out in terms of the magnitude of stored energy. Correspondingly the cut-

off frequencies also have a peak in the dielectric loss curve, the ε̈ trace, which are shown

as absorption bands in figure 2.1. The x-axis positions of each mechanism relate to the

relaxation frequency, in the case of space charge and dipoles, or resonant frequency, in

the case of ions and electrons, at which each type of dielectric response is at its maxi-

mum in ε̇ and the corresponding loss response shows a maximum in ε̈. The magnitudes

and frequencies of these effects are material specific. Dielectric relaxation refers to

the time delay between application of an electric field and polarisation response in the

material which affects the space charge and dipolar polarisation mechanisms. Space

charge is a dielectric mechanism relating to spacial inhomogenities of carrier charge

densities in a material. Such regions can result from a drift of mobile ions or electrons
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Figure 2.1: Complex dielectric response across the frequency range. The space charge,
dipolar, ionic and electronic dielectric mechanism frequency positions are indicated.

After [7].

which are confined to interfaces or discontinuities like grain boundaries in polycrystalline

materials. Dipole contributions, or orientation polarisation, concern the alignment of

permanent dipoles in a material. At ambient temperatures dipoles are usually randomly

ordered in a material and orientation polarisation has strong temperature dependance

- its dependance on temperature is often the only way to separate the two relaxation

effects which can overlap in frequency response. These permanent dipole moments ex-

perience a torque in an applied field which orientates them with the field direction and

produces a net polarisation. In the infrared frequency region (∼1012–1013 Hz) is the

Ionic resonance mechanism relating to the resonance of ionic lattices in the material.

This can be thought of as an induced asymmetry in the electron field of bonded atoms in

a lattice. Finally at ∼1015 Hz is the effect from the electronic polarisation resonance -

the effect in an atom of the displacement of electrons with respect to the atomic nuclei.
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The total dielectric polarisability of a material is a sum of these four contributions.

2.1.2 Dielectric enhancement of HfO2 via doping

HfO2 has appreciable dielectric properties itself with relative permittivity ∼20 for the

monoclinic polymorph which is the crystal structure developed during common deposi-

tion/heat treatment regimes. As well as its κ value HfO2 forms a thermally stable oxide

layer on silicon, has a similar enough lattice parameter to silicon to provide a quality

interface with the substrate and has an acceptable leakage current density [14]. A great

deal of published work has looked at permittivity enhancements provoked by structural

alterations in the material; what follows is a discussion on permittivity enhancements

in thin film hafnia systems and the effects of dopant additions that introduce a change

in dielectric response in the host material.

It might be expected that the dielectric behaviour of a ternary oxide might approx-

imate to an average of the two constituent oxides. In many systems this approximation

is close to the values seen for ternary dielectric materials but it depends on the specific

mechanism(s) that the two constituents and the combination derive their dielectric re-

sponse from. An addition of low levels of a dopant material can provoke phase changes

in the host material and might help stabilise a phase with a higher dielectric constant

than the equilibrium phase of the host. Excessive inclusion of an addition with a lower

κ will eventually register as a reduction in the overall dielectric constant. There is fre-

quently a dielectric peak recorded for an optimum addition level though the reasons

for this behaviour can depend on the dielectric mechanisms in operation. A useful way

of imagining the effects of morphological change on a system’s dielectric response is to

employ a simple version of the Clausius-Mossotti relation:

κ− 1

κ+ 2
=

4π

3

αm
Vm

(2.4)

Equation 2.4 demonstrates the reliance of the relative permittivity, κ, on both the molar

polarisability (αm) and the molar volume (Vm) of the system. In terms of polarisability

materials can have permanent, electronic and ionic contributions, though dielectrics by

definition are assumed not to have permanent polarisation. In simple ionic systems in

an equilibrium state the ionic contribution to polarisation, αion, can be demonstrated
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in the relation:

αion =
(Z∗e)2

M∗ω2
0

(2.5)

where Z∗e is the effective charge and M∗ is the reduced mass of a two-ion system. M∗ω2
0 is

known as the force constant of the system and materials with unstable valence or a lighter

atomic mass would derive their αm value, and hence κ value, from this relationship.

CeO2 is an example of a system of relatively unstable valence and TiO2 is an example of

a system with both these attributes. A key consideration here is that alterations to the

temperature that a material is processed at could have effects on both the molar volume

and the polarisability. The molar volume1 is related to the phases present and hence

the thermally activated diffusion of atomic material during deposition/heat treatment.

Intuitively it makes sense that if a material has ionic and electronic contributions to its

dielectric response then increasing the density, or decreasing the molar volume, might

maximise these contributions. The molecular polarisability is a function of the atoms’

short range bonding structure and hence can also be strongly dependent on processing

conditions [15]. Equation 2.4 and equation 2.5 help imagine a way to tailor the dielectric

properties of a matrix material when considering the implication of each individual

addition and their contribution to the system’s overall dielectric response. Figure 2.2

demonstrates schematically the effects of a selection of dopant additions to hafnia and

to which mechanism the change is attributed. For example, experimental [17] and 1st-

principles computational [18] studies note the same increase in HfO2 host κ value for

small additions of Si. From the diagram SiO2 acts as a crystalliser stabilising the non-

equilibrium tetragonal phase and also as a molar volume modulator in its contribution

to the higher-κ values measured. Silicon is an example of an atom that, included in

the right proportions, can substitute for hafnium atoms in the lattice of the material.

Above an optimum level the lower-κ silicon drags the overall dielectric constant down.

Another plus to silicon is its +4 oxidation state; matching the host material’s metal

oxidation state goes some way to ensure electrical neutrality in the film and prevents

the formation of oxygen vacancies to neutralise the overall film charge. In the results

chapters of this thesis the two additions studied are two +4 atoms for this reason.

1A molar volume increase means a decrease in density of the material and vice versa.
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Figure 2.2: Effect of dopant additions to a hafnium oxide matrix by specific mecha-
nism of dielectric alteration adapted from [16].

2.1.3 Metastable phase retention in HfO2

As demonstrated later in this chapter a multitude of doping additions have been included

in a HfO2-based material and several have been found to stabilise metastable crystalline

phases. There is some pattern to the successful stabilisers: Ce, Dy, Er and Gd are all

lanthanides; Zr is a so-called chemical twin with Hf; finally Ba, Sr and Y surround Hf

in the periodic table. This isn’t a precise grouping of dopants, and other subtle factors

have to be taken into consideration, but considering dopant additions in this way helps

to explain the solid solution phase changes. First-principles computational results by

Chen et al. [19] indicate that Y doping in a HfO2 lattice provides better stability of

the cubic phase by decreasing the energy difference between the material supporting

the monoclinic and cubic phases. The addition was also found to reduce the transition

pressure between phases compared to the undoped material. The computational work

by Lee et al. [20] develops a discussion of ‘type I’ and ‘type II’ dopants in a HfO2 matrix.

The paper discusses addition elements in the context of their ionic radii compared to the

ionic radius of hafnium. A general trend was noted in that the smaller ionic radius type
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Figure 2.3: Schematic diagram of the energy paths for equilibrium and non-
equilibrium phase changes in a Ti0.5Hf0.5O2 thin film solid solution.

I additions (Si, Ge, Sn, P, Al and Ti in the paper) energetically favoured the tetragonal

form of metastable HfO2 while the relatively larger ionic radius type II additions (Y, Gd

and Sc) favoured the cubic phase. The following discussion in the paper related these

discoveries to the difference in bond lengths between an addition’s oxide and the bonds

it would have to form as part of a distorted HfO2 lattice. From this treatment Ce, one

of the dopants looked at in this thesis, would be expected to be a type II addition and

so forming a metastable cubic phase would be expected.

Additionally the kinetics of nucleation have to be considered in a discussion on

metastable phase change/retention, especially where an amorphous phase is retained

making the reaction mechanism less transparent. Figure 2.3 shows a schematic diagram

of the equilibrium and non-equilibrium reaction paths for a TiHfO4 alloy - adapted from

[21] to be relevant for a discussion of the materials systems examined in chapter 6.

The diagram represents the post-deposition annealing of a Ti0.5Hf0.5O2 ALD film. The

Q maxima in the curves represent energy barriers to nucleation of a new phase while

the ∆G values are free energy gains from each reaction. The asterisk is the reaction

start-point while the dots represent potential phases formed in the reaction. For a 50:50

TiO2:HfO2 alloy the expected equilibrium phases are orthorhombic TiHfO4 with HfO2.
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The non-equilibrium phase depicted is an amorphous TiHfO4. The grey curve follows

the equilibrium reaction with an energy barrier Q1 to overcome before forming the

equilibrium products with a net energy gain ∆G1. The energy change ∆G2 is less than

∆G1 by definition as the latter is the favoured phase energetically. The energy barrier

Q1 is greater than Q2 as a comparatively higher nucleation rate would be expected for

the equilibrium phase formation. Following the black non-equilibrium reaction path the

curve has a second energy barrier, Q3, preventing the reaction continuing on to form the

equilibrium phases. This barrier would have to be as high or higher than Q2 to prevent

the reaction continuing to form the equilibrium phases.

One of the conditions for amorphous phase nucleation in solid solutions is that one

of the elements is a fast diffuser compared to the other and the negative heat of mixing

of the amorphous alloy formed [22, 23]. A difference in relative diffusion speed between

two atomic species is often correlated with a difference in atomic radius between the

two; the smaller atom being the fast diffuser. Table 2.1 presents ionic radii for relevant

Table 2.1: Effective ionic radii for Hf, O and relevant addition species. Effective ionic
radii are calculated from r3 vs V plots. From [24].

Ion Electron config. Coord. Crystal radius Effective ionic radius

Hf4+ 4f14 VIII 0.97 0.83
O2− 2p6 IV 1.24 1.38

Ce3+ 6s1 VIII 1.283 1.143
Ce4+ 5p6 VIII 1.11 0.97
Er3+ 4f11 VIII 1.144 1.004
Gd3+ 4f7 VIII 1.193 1.053

Ti4+ 3p6 VIII 0.88 0.74

species taken from the ‘revised effective ionic radii’ work by Shannon [24]. Depending

which values for atomic/ionic radii are used in a treatment on lattice substitutions the

numbers can vary significantly, but the proportions between the species we consider here

are always within a few percent between the quoted sets of values. In table 2.1 the first

two rows are the data for the matrix material HfO2, where Hf has VIII coordination and

O has IV coordination. The four ions in the middle block are ones that have been shown

to substitute for Hf in the lattice to cause the retention of cubic HfO2 - we will assume

cubic rather than tetragonal, despite the structural ambiguities, due to the average κ

value quoted. What can be noted is that the Ce4+ ion offers a closer match to the Hf4+
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Figure 2.4: Schematic diagram of a network former (a) and a network modifier (b)
in a HfO2 matrix. Bond lengths/angles are not drawn to scale.

ion of ∼17% difference in ionic radius. The last ion in the table is Ti4+ which has a

smaller effective ionic radius compared to Hf4+. Although a smaller ion can potentially

substitute in the lattice it might not promote the retention of a high-κ phase as a result.

Also energetically such an inclusion is balanced against Ti’s fast diffusive properties due

to its size and hence network-modifying capabilities. Figure 2.4a shows schematically

the substitution of Ce in a HfO2 lattice. Figure 2.4b demonstrates the effect of adding

a network-modifying addition in a high enough proportion to disturb the long range

periodicity of the lattice. Additionally the thickness of the films is thought to be a

factor when preserving an amorphous phase in a solid state reaction. At some critical

film thickness the nucleation of the equilibrium phase is favoured [25]. The thin films

described in the results chapters are in the thickness range to potentially promote the

retention of such a non-equilibrium amorphous phase.

To summarise, in the addition of a species to produce a ternary oxide with HfO2

as the starting material the film thickness, size and valance of addition ion and rela-

tive proportion are key parameters. Deposition temperature and post-deposition heat

treatments are then of importance in influencing the type of material formed.
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2.2 Reported HfO2-based dielectric materials

This section presents a summary of the reported hafnium oxide-based dielectric films

deposited by ALD and CVD. This is not an exhaustive list but is intended to draw together

the literature concerning the implementation of HfO2 dielectrics and the permittivity

enhancements on basic HfO2 discussed previously.

2.2.1 HfO2 systems

A large volume of experimental work preceded ALD HfO2’s adoption as dielectric re-

placement for nitrided SiO2 in transistor technology. Early device reports utilising ALD

HfO2 as a dielectric cited EOTs of ∼1.3 Å and leakage current density ∼10−7 A/cm−2

- figures of merit that demonstrated that the capacitance density of a HfO2 thin film

was enough to combat direct tunnelling while permitting further device miniaturisa-

tion [26, 27]. The HfCl4/H2O ALD process was used by many investigators owing to

it displaying robust ALD growth characteristics from a simple ligand exchange growth

reaction (see chapter 3 for a description of the HfCl4/H2O process). One issue with the

process was the risk of Cl contamination; in the film itself affecting electrical performance

but also in the substrate as a void former during fabrication anneals. O3 was investi-

gated as a more efficient oxidant resulting in lower Cl contamination but the HfCl4/H2O

ALD process results in higher oxygen concentration in the films - potentially resulting in

a thicker interface layer. In the end an improved HfCl4/H2O ALD process was preferred

due to the extra manufacturing issues surrounding the use of O3 generators.

Despite the positive aspects of these initial HfO2 investigations poor channel mobil-

ity in HfO2/poly-Si-gate-based devices remained a concern. Strained silicon had been

implemented at previous technology nodes in order to up channel mobility but with

the replacement dielectric material came a new issue. The contribution of soft phonon

scattering to channel electron mobility degradation was seen experimentally in 2004

and a metal gate material suggested to screen the effect [28]. A HfO2/metal-gate di-

electric stack offered the improved capacitance density of the new dielectric material

while utilising a metal gate proffered channel mobilities as good as the previous nitrided

SiO2/poly-Si-gate technology.
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These encouraging experimental results resulted in a huge amount of interest in ALD

HfO2 in the research community. The studies that were published from 2001 onwards

tended to focus both on new precursors to facilitate HfO2 deposition and structural

and electrical measurements to fully understand the dielectric films that were being

produced. Specifically the dielectric constant and leakage current density values were

of significance. ALD was used in 2005 to deposit HfO2 films which were shown to be

stoichiometric and amorphous as-deposited (albeit with signs of short-range monoclinic

structure) [29]. Post-deposition annealing resulted in a polycrystalline monoclinic struc-

ture. Both of these studies commented on the growth of an interfacial layer between the

substrate and film materials and the increase of this layer’s thickness on subsequent heat

treatment. The study by Loo et al. in 2005 [30] described HfO2 films grown using metal

oxide chemical vapour deposition (MOCVD) using alkoxide precursors - combining high

volatility with low reactivity in air. The films were seen to be monoclinic as deposited

and non-stochiometric with some carbon present in their Auger analysis. Addition-

ally the plasma-enhanced ALD (PEALD) of HfO2 was demonstrated [31]. This utilised

metal t-butoxide precursors with oxygen plasma exposure during growth. A compara-

tively higher dielectric constant of ∼25 was reported as well as a smaller relative EOT

as a consequence of the lower leakage current measured in the PEALD specimens. The

2005 paper by Potter [32] offered a direct comparison of HfO2 deposited by ALD and

MOCVD using the same reactor. The report demonstrated that neither deposition

method demonstrated truly self-limiting growth behaviour and an explanatory mecha-

nism was proposed. Work by Niinistö et al. [33] introduced HfO2 films on silicon using

Cp2Hf(CH3)2 (Cp=cyclopentadienyl or C5H5) and water as the precursors. Their films

demonstrated low impurity levels and promising dielectric response (this hafnium pre-

cursor was the one used in the deposition experiments described in the results chapters of

this thesis). The 2008 McNeill et al. article covered the ALD of HfO2 films at 250 ◦C us-

ing tetrakis-ethylmethylaminohafnium (TEMAH) and water vapour as precursors. Elec-

trical measurements yielded a dielectric constant of 14-18. Metallocene-type precursors

were utilised to grow ALD HfO2 [34, 35]. The Black et al. article covers the use of two

such precursors, [(Cp2CMe2)HfMe2]2 and [(Cp2CMe2)HfMe(OMe)], with O2 or ozone

2Me: methyl or CH4 ligand.
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used as the oxidant in MOCVD and ALD experiments respectively. Auger spectroscopy

results showed a 1.8-2.8 at.% carbon incorporation in the ALD films while electrical char-

acterisation yielded a low current leakage density of ∼6×10−7 cm−2 at ±2MV cm−1.

The Dezelah et al. work focussed on (MeCp)2HfMe2 and (MeCp)2Hf(OMe)(Me) as the

hafnium source with water vapour as the oxidant in ALD growth experiments. Elastic

recoil detection analysis performed showed the films generally had carbon inclusion be-

low the detection of the apparatus (≤0.5at.%) and current leakage density of 1×10−5

Acm−2 at -3-0.5 MVcm−1. Kim et al. [36] utilised a hafnium tetrakis-iso-propoxide

(Hf(OCH(CH3)2)4) source with O2 as an oxidant. Their study described an amorphous

matrix with monoclinic HfO2 crystallites distributed within the film and a leakage of

8.9×10−6 Acm−2 at -1 V. In 2010 Niinistö et al. reported the use of CpHf(NMe2)3 and

(CpMe)Hf(NMe2)3 with ozone as the oxidant each time [37]. They produced high-purity

films at 300 ◦C deposition temperature for both hafnium precursors which were found

to be mixed monoclinic and cubic/tetragonal crystallinity as-deposited.

Many more HfO2 thin film reports exist, continuing to the present day, but the key

points are that low-impurity HfO2 films could be deposited using a range of precursors

utilising thermal ALD. The films were generally found to comprise of the monoclinic

polymorph but several articles reported mixed phase hafnia or amorphous HfO2. Re-

ported dielectric constants were 12–25 depending on phase and process specifics, gener-

ally reported κ=∼19. Leakage current density varied tremendously report-to-report but

the best values were ∼10−7 Acm−2.
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2.2.2 X:HfOx systems

In these examples X denotes the dopant addition included in a HfO2 material. Table

6.1 at the end of the chapter sums up the phases and figures of merit reported for the

materials systems discussed.

Al:HfOx systems

Due to the experimental reliability of the trimethylaluminum (TMA) precursor a large

amount of ALD and CVD reports have featured the HfAlOx system. The bulk of

the Al-HfO2 articles found the ternary film to have a sliding permittivity and bandgap

depending on the specific composition as well as an increasing crystallisation temperature

with Al addition [38, 39]. Aluminium has been found to increase the crystallisation

temperature of a hafnium oxide matrix coinciding with an increase in band gap and

reduction in permittivity of the material. In most cases the addition of Al in a HfO2-

based dielectric is found to increase the crystallising temperature considerably. Films

incorporating around half as much Al as Hf, Hf0.66Al0.33O2, are found to be amorphous

up to annealing at 900 ◦C [40–42]. Materials of this composition are reported to have a

κ of 14-15.

Ba:HfOx systems

Barium-doped HfO2 has been grown by liquid injection MOCVD [43] using Ba(thd)2

and Hf(thd)4 as the precursors. The additional barium was found to stabilise a cubic

phase in the hafnia matrix obtaining a κ measurement of 35 for the higher-permittivity

polymorph from C-V analysis. Some studies have focused on Ba-HfO2 and its dielectric

improvement on HfO2 using first-principles calculations [44, 45]. Incorporating Ba atoms

into a hafnia matrix is thought to decrease the presence of positive charges associated

with oxygen vacancies due to the coupling of the additional barium atoms with the

vacancies, promoting charge neutrality in the film.

Ce:HfOx systems

Cerium-doped hafnium oxide has been demonstrated with a composition of Ce0.1Hf0.9O2

derived from MEIS measurements [46]. This work used a liquid injection ALD system
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(see chapter 3), [Ce(thd)4] and MeCp2HfMeOMe (MeCp=CH3C5H4) as the organometal-

lic precursors and ozone as the oxidant at 300 ◦C substrate temperature. After a 900

◦C anneal the films displayed XRD diffraction features consistent with either the cubic

or tetragonal HfO2 polymorphs. An improved permittivity of 32 was calculated from

C-V measurements with thicknesses taken from TEM micrographs. The leakage current

density after annealing was found to be ∼10−5 Acm−2 at ±1 MV

Dy:HfOx systems

Dysprosium has been incorporated into hafnium oxide dielectrics via ALD, using Dy(EDMDD)3

and Hf(OtBu)2(mmp)2 [47], and co-sputtering [48]. The ALD study found a ∼10% level

of Dy addition stabilised a cubic phase in the material.

Er:HfOx systems

EryHf1−yOx films have been deposited by ALD in various compositions using Er(thd)4,

(MeCp)2Hf(OMe)(Me) and ozone as the oxidiser.[49]. Films with composition Er0.13Hf0.87Ox

were found to have a cubic phase in place of the monoclinic phase for pure HfO2 as-

deposited. The 13 at.%Er is found to be the optimum level and a κ of ∼37 is quoted. In

the paper they highlight the differences seen between their own results and those of Wu

et al. [50] who reported an amorphous ErHfOx film as-deposited and after a 30 s RTA

at 800 ◦C. After annealing at 1000 ◦C a monoclinic HfO2 film was formed, despite very

similar chemistry and deposition conditions. The explanation is the smaller percentage

(7 at.% instead of 13 at.%) of Er added to the HfO2 matrix. This highlights the impor-

tance of control over composition in deposition in order to introduce the optimum level

of an addition element.

Gd:HfOx systems

Gadolinium-doped HfO2 films have been demonstrated by ALD using [Gd(iPrCp)3],

HfCl4 and H2O as sources [51]. The optimum doping level was found to be Gd0.11Hf0.89O2

which crystallised in a cubic/tetragonal form after spike annealing at 1300 ◦C. This ma-

terials preparation led to a κ value of 36. PLD [52] and sputtered [53] Gd-HfO2 articles

have reported κ values in the 21–23 region.
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Ge:HfOx systems

Ge-HfO2 has been produced by ALD from deposited layers of GeO2 and HFO2 that mix

on annealing at 425 ◦C in N2. The subsequent effective ‘doping’ is responsible for the

improvement of the uniformity compared to HfO2, which is attributed to the lowering

of the oxygen-vacancy formation energy [54].

La:HfOx systems

Co-sputtered HfLaOx films were investigated as a potential dielectric gate material [55].

The addition of lanthanum was found to increase the crystallising temperature of the

hafnium oxide matrix it was added to. Due to this mechanism the 33%La-HfO2 films

were found to remain amorphous after post deposition heat treatment up to 1000 ◦C

in an O2/N2 ambient. C-V measurements yielded a permittivity of 20 which is roughly

equivalent to undoped HfO2. Similar findings have been reported for MOCVD deposition

of La-HfO2 [56, 57] with κ values of 20 and 28 reported respectively albeit with larger

leakage current density recorded in the Huang et al. work. ALD growth studies of La-

doped HfO2 have also been carried out [58–60] finding an improvement in the flatland

voltage and leakage current density with a post-deposition anneal. Zhao et al. [61]

deposited La2Hf2O7 via ALD and recorded improved dielectric relaxation and reduced

dielectric loss after a post-deposition anneal in N2 at 900 ◦C.

Si:HfOx systems

Si-doped hafnium oxide has been demonstrated by co-sputtering [17] and ALD [62]

with stabilised tetragonal Si-HfO2 resulting in permittivities of 27 and 35 respectively.

Some reports found silicon to incorporate into an amorphous hafnium silicate [63, 64]

with more modest permittivities of ∼10–12. An interesting computational paper from

2007 [18] looks at the balance between adding an optimum level of Si to promote the

tetragonal Si-HfO2 structure in the material. Above the optimum level further addition

of Si results in a lower κ as the balance swings towards atoms of lower polarisability in

the material. By the time the SiO2:HfO2 ratio is 50:50 an amorphous silicate structure is

stable with the relatively poorer κ values of 10–12 mentioned above. This system, and the
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computational and experimental measurements reported on it, is an excellent description

of the balance between dielectric mechanisms in a material of variable composition.

Sr:HfOx systems

Strontium-doped HfO2 films in the ratio Sr:Hf 3:1 have been grown by plasma-assisted

ALD recently [65] using Sr(iPr3Cp)2 and (MeCp)2Hf(OMe)Me as precursor sources.

XRD measurements demonstrated that the amorphous as grown films developed diffrac-

tion consistent with either the cubic or orthorhombic phase of SrHfO3 after a 30 minute

anneal in air. A κ value of 21 was derived from the accumulation capacitance of C-V

measurements performed at 100 kHz.

Ta:HfOx systems

As Tantalum oxide (Ta2O3) is considered a promising dielectric materials in its own right

a large amount of studies have looked at Hf-Ta2O3; that is materials systems where Hf is

the addition to a Ta2O3 matrix. Ta-doped HfO2 has been grown by co-sputtering using

targets of HfO2 and Ta2O5 [66]. An incorporation of 18%Ta was found to preserve an

amorphous film up to an annealing temperature of 500 ◦C

Ti:HfOx systems

Titanium oxide is an interesting dielectric material in its own right, frequently yielding

a very high κ measurement due to its polarisability and low vibrational force constant.

Of the three TiO2 polymorphs the two that are usually reported are anatase (cubic)

and rutile (the higher-temperature tetragonal phase) with a range of transition tem-

peratures recorded depending on the growth method and other parameters. κ values

of ∼40 (anatase) and ∼50–70 (rutile, anisotropic) are commonly quoted measurements

[67]. ALD and MOCVD experiments go back as far as 1995 and in TiCl4 [68], TiI4

[69] and Ti(iOPr)4 [70] there are excellent self-limiting ALD precursor options. Other

reports have described TiO2 films via sputtering and sol-gel processes that show the

same anatase→rutile temperature-dependent phase transition and dielectric properties

shift. Titanium-doped HfO2 has been demonstrated by CVD [71], sputtering [72] and
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ALD [73]. Generally a linear increase in permittivity was noted with increasing addition

of titanium [74–76].

Y:HfOx systems

Yttrium oxide thin films have been grown by ALD [77, 78] and form a cubic structure

as-deposited. A permittivity of ∼12–16 and a leakage current density of <10−7 A/cm2

at 2 MV/cm are typical for yttria dielectric measurements [79, 80]. A number of authors

have demonstrated forming a cubic Y-HfO2 phase with yttrium incorporation of between

4% and 19% [81–83]. These structural enhancements result in an improvement in the

dielectric constant to ∼30 with a leakage current density of ∼10−5 A/cm2, at 1 MV.

Zr:HfOx systems

Many parallels exist between HfO2 and ZrO2 due to hafnium and zirconium being so-

called ‘chemical twins’. The contraction of atomic radii across the lanthanide series in

the periodic table results in a smaller atomic radius for hafnium than might be expected

(0.156 nm compared with zirconium’s 0.159 nm). Zr and Hf therefore exhibit very similar

chemical behaviour, due to their similar radii and electron configurations, despite the

steep increase in atomic mass and density between the two. ZrO2 has been deposited by

ALD using ZrCl4 [84], ZrI4 [85], Cp2Zr(CH3)2 [86], Zr[OC(CH3)3]4 [87], cyclopentadienyl

sources [88] and alkylamido-cyclopentadienyl compounds with ozone [89] among others.

These report frequenty found that the higher permittivity cubic or tetragonal phases

were attainable in as grown films via ALD. κ values commonly quoted are ∼17–23 with

leakage current density ∼10−7 A/cm2. Zr-doped hafnium oxide has been deposited by

sputtering [90], ALD using the two tetrachlorides [91] and tetrakis(ethylmethylamino)

precursors [92] and MOCVD [93–95]. These Zr-HfO2 reports generally found improved

EOT/permittivity and improved thermal stability in comparison with undoped HfO2

films. Higher Zr additions ∼50% were found to promote a higher-κ tetragonal phase of

a HfxZr1−xO2 alloy also indicating reduced charge trapping with Zr addition.
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Chapter 3

Experimental: growth and

processing

3.1 Atomic layer deposition (ALD)

3.1.1 Deposition detail

ALD is a deposition method which introduces each component of a film separately, using

separate precursors for each. Here ‘precursor’ means a solid or liquid material source

which, when heated to a gas phase, is designed to deliver a specific element during

deposition reactions. For example HfCl4 is an example of a hafnium precursor; the

desired element, Hf, surrounded by a ligand system, in this case four chlorine atoms. The

ALD process involves employing self-limiting surface reactions for each precursor that

is introduced. A successful ALD precursor is designed to be introduced to a substrate

in the reaction chamber in a saturative dose. Ideally, precursor molecules react by

surface reaction, or chemisorption, with every available reaction site on the substrate

surface. Excess precursor molecules will not react with the surface once all available

sites have been filled and this is what is meant by a saturative dose. The precursor

chemistry is balanced so that once the target atom is absorbed the rest of the ligand

structure surrounding the target atom forms a surface species that the next supply

of precursor can react with; with some of the surrounding molecular material forming

reaction products which are removed in an inert gas purge of the chamber. Different

surface species may be produced depending on how many existing surface species the

43
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precursor molecules reacts with or if the precursor molecule chemisorbs [103]. Once the

first precursor pulse has reacted with the surface, and the excess ligand material has been

removed in an inert gas purge, a co-precursor is introduced to the reaction chamber. In

the case of an oxide the co-precursor would be an oxidant. Once the co-precursor has

reacted with the available surface species any excess co-precursor material is removed

in another inert gas purge of the reaction chamber. The co-precursor reaction leaves a

surface structure that the next precursor dose can react with. ALD films are built up

in repeats of this step-wise reaction routine until the desired thickness is reached. In

oxides one precursor pulse deposits a monolayer of a particular element with the next

pulse being an oxidant. Common oxidants used in ALD process steps include H2O,

O3 and O2 plasma. In these ‘binary’ ALD processes the recipe would involve alternate

doses of the metallorganic precursor and the oxidant in a two-step, repeating process.

Figure 3.1 demonstrates the ALD process for depositing a hafnium oxide using HfCl4

and H2O as the precursors. This choice of example comes from the HfCl4/H2O ALD

process being the first to be employed in HfO2-based dielectrics by Intelr [2]. Figure

3.11 shows the first dose of HfCl4 entering the chamber just before making contact with

the substrate. The OH groups on the substrate represent surface sites that can react

with incoming precursor molecules. In figure 3.12 three HfCl4 molecules have reacted

with surface sites on the substrate and left a monolayer of Hf atoms which still have part

of the ligand structure connected to them. This example demonstrates an exchange type

reaction where the incoming precursor molecule exchanges one, or more, of its ligand

branches for species on the surface bonded to oxygen (hydrogen atoms in this example).

The reaction evolves 4HCl which is removed from the chamber in an inert purge leaving

surface species that the oxidant dose can react with. In figure 3.13 a dose of H2O is

introduced to the chamber and reacts with the surface species from the previous step.

In figure 3.14 the chamber is purged removing more evolved HCl and leaving alternative

surface species so that further reaction steps can take place. In a binary deposition

process these four dose/purge steps are repeated to build a layer of alternating reaction

products on the substrate. A typical growth rate for a two-step oxide recipe is in the

order of an angstrom, Å, (0.1 nm) per completed ALD cycle [104]. A low-volatility

precursor might have a growth rate ∼0.3 Å/cycle whereas a high-volatility precursor
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Figure 3.1: Schematic of the ALD layer-by-layer deposition process using the HfCl4
ligand and water as an example system. Bond lengths/angles are not to scale and are

drawn flat to the page.
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might achieve ∼1 Å/cycle. The HfCl4/H2O process, with growth rate ∼0.6 Å/cycle,

can take 50 completed cycles to form a continuous film across the substrate surface

[105]. This means a film thickness in the region of 3 nm before a continuous layer is

present across the substrate surface. Slow growth rates are typical of polar precursor

molecules in reaction with a hydrophobic substrate surface but this also demonstrates

the island growth mechanism in the HfCl4/H2O ALD process.

For a multi-component materials system the ALD recipe includes pulses of as many

precursors as there are different components of the desired film composition, limited

to how many sources can be connected to the reactor at any one time. The challenge

with depositing multi-component oxides is to ensure that all precursor sources deposit

in the same temperature window - potentially compromising on the ideal deposition

parameters. Also each set of reactions, including alternate oxidant pulses, must leave a

surface that the next precursor can react with in order to continue the step-wise reaction

sequence.

3.1.2 Precursors

ALD precursors must satisfy several requirements to be successful practical candidates

for deposition. The material must be volatile enough to promote vapour transfer from

the bubbler to the reactor chamber; at least ∼0.1 Torr equilibrium vapour pressure at

a temperature below that which would cause decomposition [106]. They should also

vaporise rapidly and at a reproducible rate to replenish the headspace1 of vapour inside

the bubbler. They must not self-react but at the same time be highly reactive towards

the surface states left on the substrate after the previous vapour pulse. The byproducts

of the precursor/surface reaction must also be volatile enough to allow them to be

easily removed in the gas purge. The reaction kinetics in ALD rely on the balance

of bond strengths in the surface species and ligand structure. A well-designed ALD

precursor will demonstrate an experimental ‘ALD window’ in which its deposition is

truly self-limiting. Figure 3.2a demonstrates this in a schematic diagram. The window

is a plateau of growth over a range of temperatures. Below the start of this range

the process will demonstrate either low deposition rates from the reaction lacking the

1the headspace is the gaseous region of the bubbler contents, above the solid or liquid precursor.
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Figure 3.2: Schematic of the ALD process window depicting growth rate against a
temperature and b purge time.

thermal energy necessary for chemisorption of the precursor on the substrate surface

or too high a rate owing to condensation and physisorption of semi-reacted precursor

material on the surface. Over the steady plateau the ALD process is demonstrating

self-limiting deposition for the temperature range. Over a certain temperature there is

the danger of precursor decomposition, the ligand structure protecting the target atom

falling apart, or chemical desorption of the precursor before the second precursor has

had chance to react with the resulting surface. Figure 3.2b demonstrates schematically

that a similar window exists for growth rate vs purge time for a given precursor. Too

little a purge time can result in two precursors being present in the reaction chamber at

the same time, potentially leading to gas phase reactions between the two precursors.

This can register as low growth rates or physisorption of reactants depending on where

in the gas flow the gas phase reactions take place in relation to the reaction zone where

the substrate is. With too long a purge time the adsorbed species from the precursor

dose can be desorbed or thermally decomposed leading to lower or higher growth than

expected depending on the reactions taking place. The dominant, and best understood,
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Figure 3.3: Schematic depictions of precursor ligand structures relevant to the depo-
sition work. Bond lengths/angles are not to scale, the molecules are drawn flat to the
page. c, g and h are the ligand structures of the precursors used in the experimental

work.
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ALD reaction is the ‘ligand exchange’ type of process which figure 3.1 typified where the

incoming HfCl4 breaks an O-H bond and joins the metal atom to the oxygen, releasing an

HCl as a byproduct. Halide precursors like HfCl4 have the advantage of being relatively

inexpensive and thermally stable but can lead to issues with halide contamination in the

films as well as problems with producing HCl acid as a reaction byproduct. Figure 3.3

introduces some of the ligand systems used in this work schematically. Figure 3.3a shows

the mmp ligand; the mmp molecule is -1 electrical charge and is drawn in 3.3a attached

to a H atom to produce a molecule of neutral charge. Figures 3.3b and 3.3c demonstrate

the precursor molecules formed between this ligand and Hf and Ce respectively. The

Ce(mmp)4 molecule in 3.3c is the precursor used in cerium deposition as described in

chapter 7. It can be noted that the two different central atoms form ligand systems of

six and eight coordination respectively due to the differential in size between Hf and

Ce. Ce forms four ‘bidentate’ bonds to the four ligands whereas the smaller Hf atom

forms two bidentate and two regular bonds. Complexes of polydentate ligands (so-called

‘chelating’ ligand systems) tend to be more stable than mono dentate ligand systems [ii].

A higher coordination reduces the potential for oligomerisation of the precursor which

means precursor molecules reacting together in the gas phase to form larger molecules.

Figures 3.3d, 3.3e and 3.3f demonstrate the iOPr (isopropanol), Cp (cyclopentadienyl)

and Me (methyl) ligand groups. These drawings are instructive in understanding the

make up of some of the larger ligand structures described. Figures 3.3g and 3.3h show

the structure of the (MeCp)2Hf(OMe)(Me) and Ti(iOPr)4 precursors used in chapter 6.

Cyclopentadienyl precursors like (MeCp)2Hf(OMe)(Me) tend to be thermally stable but

can have low reactivity and volatility as a result. Alkoxide precursors like Ti(iOPr)4

tend to be reactive to water vapour, and hence ideal for the formation of oxides, but

can have limited thermal stability [107].

3.1.3 The OpALr reactor

Figure 3.4 depicts the schematic layout of the Oxford Instruments plc OpALr ALD

reactor. The reactor has three lines that precursor bubblers can be connected to directly.

The system has thermocouple-controlled heater jackets that surround the bubblers to

accurately control precursor temperature. Vapour draw experiments can be used to
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Figure 3.4: Schematic of the OpALr ALD reactor.

gauge the amount of vapour being actively replaced in the bubbler headspace after

the valve is opened. Depending on the volatility of the precursor, vapour draw might

be enough to supply a dose of precursor into the reactor chamber. Usually a level of

carrier gas (argon) is found to be necessary to transport the precursor. The level of

carry and purge gas is another parameter that has to be altered and optimised. In

the diagram the ‘Ar purge’ and ‘Ar bubbler’ lines that supply argon for both of these

functions are depicted. The valves drawn with black squares are the ALD valves and

on each precursor line the D and S valves are synchronised to open at the same time.

As can be followed on the drawing this enables the S valve to allow Ar carrier gas from

the Ar bubbler line into the bubbler via the dip leg on the left of each bubbler. ALD

valves are precision pneumatic actuators that allow excellent control over timed release

of vapour. The D valve on each line opens simultaneously to supply a dose of precursor

vapour from the bubbler to the chamber. The P valves operate on the purge step after

each dose of precursor has been delivered. The reactor has a baffle grille fitted above

the chamber (not depicted in the diagram) intended to ensure a uniform delivery of

incoming precursor material but which also potentially reduces the amount of material

that reaches the chamber.
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Figure 3.5: Schematic of the TrijetTMALD reactor.

3.1.4 The TrijetTM reactor

Figure 3.5 is a schematic diagram of the Aixtron SE 200FE liquid injection TrijetTM ALD

reactor; a horizontal flow CVD reactor fitted with a liquid injection solvent delivery sys-

tem. The substrate sits on a graphite heating stage, on a revolving sample holder

facilitating uniform deposition. A bank of five electrically-tuneable infra-red lamps and

a thermocouple are used to heat the sample stage and maintain its temperature. Precur-

sors are dissolved or diluted in a suitable carrier solvent (typically hexane or toluene) and

stored in graduated glass vials. Pressurised liquid transport then delivers the precursor

solution through three separate injector nozzles into the vapouriser. The vapouriser

includes five thermocouple-controlled temperature zones which have a maximum tem-

perature of 250 ◦C. In turn the vapouriser supplies the horizontal reaction chamber
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shown in grey in the schematic. The chamber is housed in a cylindrical quartz liner

(black in the schematic) which is the vacuum vessel for the reactor. As shown in the

diagram below the precursor vials this liner has a dedicated Ar supply and there is

pipework to supply Ar or O2 into the chamber, via a Venturi mixing system, during

deposition runs. Post-run reaction gas mixtures are fed through a water-cooled filter

system to condense non-volatile reaction products before leaving the system via an ex-

ternally vented exhaust. The vacuum is supplied to the system from a five stage dry

rotary pump, with pressure controlled by a throttle valve. The chamber pressure is

maintained using a vacuum gauge (not drawn on the schematic).

3.2 Post-deposition treatments

3.2.1 ‘Standard’ annealing

Specimens were annealed in a tube furnace to assess phase changes as a result of the

heat treatment. This apparatus takes cleaved specimens in a ceramic crucible which

is put into the centre of the furnace’s heating tube. Temperatures up to ∼1000 ◦C

were possible. Another option was to add a N2 atmosphere anneal by flowing N2 gas

through the furnace tube before and during the heating of the specimen and during the

cooling of the specimen in a cooler section of the tube. In the experimental chapters a

standard anneal will refer to 30 minute anneals performed in the tube furnace in an N2

atmosphere. This annealing technique was used to monitor phase changes in the films

but not for specimens for which subsequent electrical measurements were taken. As the

temperature ramp-rate was 5 ◦/min the furnace was brought to temperature first, the

desired annealing atmosphere set and then the specimens were inserted into the tube.

3.2.2 Rapid thermal processing (RTP)

Specimens intended for electrical measurements were annealed in another furnace that

could provide a much faster temperature ramp-rate. The film specimens subjected to

electrical measurements in chapters 5, 6 and 7 involved two different annealing regimes.

One set of each type of sample were heat treated at 500 ◦C for 30 minutes in a N2
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atmosphere while another was spike annealed up to 850 ◦C and back down to room tem-

perature with a ramp-rate of 25 ◦/s. These two approaches might give different results

depending on whether a phase change in an oxide is a temperature or time-dependent

process. The rationale behind using these two heat treatments was to simulate the gate-

first and gate-last annealing recipes used in microchip production [108, 109]. Gate-first

integration involves deposition of the gate stack, patterning of the gate lines, and finally

a high-temperature dopant activation anneal which our rapid thermal processing (RTP)

is aimed to simulate. Gate-last integration is where some or all gate stack materials

are deposited after the activation anneal and this is simulated in the 500 ◦C/30 minute

annealing treatment. These annealing strategies will be referred to in the experimental

chapters as gate-first: 850 ◦C/spike and gate-last: 500 ◦C/30 min.





Chapter 4

Experimental: analytical

techniques

4.1 Film characterisation

4.1.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) provides information on the crystalline phases present in a

specimen.

XRD theory

XRD takes advantages of the physical dimensions of X-rays’ wavelengths being in the

same order of magnitude as interatomic spacing in order to probe a material’s crystal-

lographic geometry. Incident X-rays are scattered randomly by each atom they interact

with in the crystal. As crystals are periodic arrays of atomic planes, diffraction results

from phase differences between atoms in planes of different depths into the material.

sinθhkl =
λ

2dhkl
(4.1)

Equation 4.1 is Bragg’s law - a simple, scalar, relationship between scattering angle, θhkl,

and d-spacing, dhkl, for a crystallographic plane with index hkl. λ is the wavelength

of the X-ray source. The d-spacing is a measure of the separation of the planes of

atoms and the law describes maxima for diffraction from crystallographic planes at the

55
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coherent superpositions of the X-rays scattered from the sample. Diffracted beams are

those superpositions of a large number of scattered X-rays that reinforce each other by

Bragg’s geometry and where the law is satisfied the diffracted beam has an amplitude

that is a sum of all the contributing scattering components. For measurement angles

that don’t satisfy the law the scattering cancels in a combination of X-rays with random

phase differences. XRD results give the user a reciprocal lattice map where peaks in

the intensity profile relate to crystallographic planes within the specimen. Another way

to imagine the diffraction condition being satisfied is the geometry of the Ewald sphere

in reciprocal space. For an incident X-ray beam with wavelength λ and vector I0 there

would be an equivalent beam, I0/λ parallel to I0 in reciprocal space. If I0/λ is set

up to terminate at a reciprocal lattice point the sphere centred at the origin of I0/λ,

with a radius of 1/λ, is the Ewald sphere. The sphere is the locus of possible scattering

for wavelength λ from incident beam I0. For scattering to occur from a certain plane

(hkl) the Ewald sphere must intersect the reciprocal lattice point hkl. This scattering

condition is analogous to the Bragg law which can be developed directly from the sphere

geometry.

Although Bragg’s law is satisfied for a precise angle for a given plane the peaks have

a Gaussian profile and can broaden with respect to the specific angle for several reasons:

instrumental broadening, lattice strain, temperature factors and, in a given size regime,

crystallite size; the peaks resulting from a diffraction experiment are convolutions of

the contributions from each of these factors. Even defect-free powder specimen will still

produce diffraction peaks of a certain width due to instrumental broadening from the

X-ray source profile, the widths of the slits in the diffractor assembly and the size of the

X-ray beam itself. Additional broadening effects are related to crystallite dimensions in

polycrystalline materials. If reflections from the second layer into the crystal’s depth

differ only slightly from an integral number of wavelengths, the reflection that is com-

pletely out of phase with the first lies deep beneath the crystal surface. In very small

crystal sizes this deep completely-out-of-phase reflection will not exist. The effect of this

is a lack of cancelling out of the random scattering immediately around the Bragg angle
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of a diffraction feature and an apparent broadening of the diffraction peak.

τ =
Kλ

β(cosθhkl)
(4.2)

Equation 4.2 is the Scherrer equation which gives a measure of crystallite size, τ , for a θ

value in degrees relating to the specific peak and β, a measure in radians of the width of

the diffraction peak at half its intensity. K is a constant which varies depending on the

model assumed for crystallite geometry. This calculation estimates crystal broadening

in the direction perpendicular to the specific plane analysed, θhkl.

XRD apparatus/conditions

The X-ray diffraction (XRD) measurements throughout were made on a Rigaku Miniflex

diffractometer using water-cooled Cu target Kα radiation (0.154051 nm wavelength, 40

kV, 50 mA). Scans between 5 ◦ and 150 ◦ 2θ are possible at speeds down to a minimum of

0.01 ◦/minute in continuous mode; though fixed-time scans are possible where an interval

is set and the machine takes one measurement for every interval within a start and end

point. The angle measured experimentally between incident beam and diffracted beam is

2θ rather than θ due to the geometry of the diffractor assembly. The diffractometer has a

detector set on a goniometer arm and the specimen stage and detector arm move together

to form the angles scanned. The technique results in no damage to the specimens but

is limited to ∼5–15 mm2 surface area and <∼3 mm thickness.

4.1.2 Raman spectroscopy

Raman spectroscopy provides information on a material’s physical structure as a result

of the scattering of light resulting from interactions with phonons in the material.

Raman theory

Raman is another powerful and non-destructive technique which can yield information

on a specimen’s molecular/crystallographic structure. As well as characteristic peak

sets that can help identify a specific phase or material, the measurements, and par-

ticularly the mode line shape, can also lead to deductions about phonon distribution,
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crystallite size, strain, crystallographic orientation, substitutional effects and other sub-

tle properties of a sample. The Raman effect is the inelastic scattering of photons within

the visible light wavelength range - specifically scattering from interactions with optical

phonons; the analogous effect from interactions with acoustic phonons being Brillouin

scattering. In a contrast with other spectroscopy techniques, Raman scattering covers

a wide range of energies but is limited to phonon scattering processes with negligible

change in scattering wave vector compared to the wave vector associated with the inci-

dent photon (k=0). On top of this, Raman-scattered phonons are those whose atomic

displacements effect a change in lattice polarisability; hence Raman-active modes are the

subset of k=0, normal optical modes that also associate with a change in polarisability1.

The conditions that specify whether a normal mode makes it into this subset are to do

with the symmetry of the material lattice and are determined by the selection rules that

result from a group theory analysis.

In the case of the polarisability condition it is useful to remember that the polar-

isability is a constant of proportionality between electric dipole moment of a molecule,

µi, and electric field strength, ε, when the molecule is subjected to the electric field:

µi = αε (4.3)

This polarisability is a measure of how much the electron cloud around a molecule can

be distorted by the application of an electric field. The electric field can be expressed

as:

ε = ε0cos2πtv0 (4.4)

where ε0 is the equilibrium field strength and υ0 is the angular frequency of the radiation.

In the case of a diatomic molecule with a vibrational frequency υv that goes through

simple, harmonic vibrations a coordinate qv along the axis of vibration at time t is given

by:

qv = q0cos2πvvt (4.5)

1There are occasionally phonon modes which appear to break these rules - the 325 nm Raman response
of CeO2 in the Ce-HfO2 results chapter is one such example.
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If the polarisability changes as a result of this vibration its value will be given by:

α = α0 +

(
∂α

∂qv

)
0

qv (4.6)

Substitution of 4.5 in 4.6 yields:

α = α0 +

(
∂α

∂qv

)
0

q0cos2πvvt (4.7)

Now if incident radiation υ0 interacts with the molecule in our example, from 4.3 and

4.4:

µi = αε = αε0cos2πvvt (4.8)

Substituting 4.7 in 4.8 leads to:

µi = α0ε0cos2πvvt+

(
∂α

∂qv

)
0

ε0q0cos2πvvtcos2πv0t (4.9)

Which can be rewritten:

µi = α0F 0cos2πv0t+

(
∂α

∂qv

)
0

ε0q0

2
[cos2π(v0 + vv)t+ cos2π(v0 − vv)t] (4.10)

Equation 4.10 is useful in this discussion at it contains terms that relate to elastic

(Rayleigh) scattering, υ0, and two terms that describe the so-called Stokes and anti-

Stokes scattering contributions, υ0±υV , that occur either side of the elastic response.

The Raman-shifted peaks used in this work are known as Stokes scattering where the

molecule or lattice absorbs energy from the incident photon and produces a scattered

photon of lower energy in the inelastic process. Mirrored at 0 cm−1 there would also

be an ‘anti-Stokes’ scattering signal which cannot be seen in the axis chosen for the

figure. Stokes scattering is used for Raman spectroscopy as statistically there are more

molecules that exist in the lower energy state and result in this kind of response -

resulting in higher intensities. Also in equation 4.10 is a demonstration that if

(
∂α

∂qv

)
0

= 0
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then µi=0 and so the polarisability must change during the vibration event for Raman

scattering to result.

Taking the relatively simple CeO2 (space group Fm3m or O5
h) as an example we

can describe the group theory analysis and the repercussions for measurements in a

particular scattering geometry. Calculating the irreducible representation for cubic Ce2

yields the A1g, Eg and F2g modes. For the A1g 2nd order mode:


a � �

� a �

� � a


resulting in scattering geometry (xx), (yy), (zz) or (x̄x̄). For the the Eg 2nd-order mode:


b � �

� b �

� � −2b



−
√

3b � �

� −
√

3b �

� � 0


resulting in scattering geometry (xx), (yy), (zz), (x̄x̄) or (x̄ȳ). And finally for the the

F2g triply-degenerate mode:


� � �

� � d

� d �



� � d

� � �

d � �



� � d

d � �

� � �


resulting in scattering geometry (zy), (yx) or (x̄x̄); (xz), (zx) or (x̄x̄); (xy), (xz) or (x̄x̄).

Porto’s notation [110] describes the experimental geometry of the Raman measurement:

excitation [propagation direction] (excitation [polarisation direction] scattering [polari-

sation direction]) scattering [propagation direction]. Our experimental set up of z(x̄x̄)z

means that our spectra would be expected to contain all three of the above modes for

cubic ceria although only with the 325 nm source do the 2nd-order modes appear in the

measurements.
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Raman apparatus/conditions

Raman spectra were acquired on a Horiba Jobin-Yvon LabRam HR. The Raman appa-

ratus consists of an optical microscope and several laser sources which are fitted to run

through a series of optics and then coincide with the direction of visible light through the

microscope. As such the lasers focus on a specimen surface at the same point that the

visible light would come into focus. The lasers available are a 325 nm HeCd ultra-violet

(UV), a variable Ar ion laser offering 488 nm blue/514 nm green, a 633 nm HeNe red

and a diode laser that provides 785 nm infra-red. In general the shorter wavelength 325

nm source was found to be the most useful for thin film analysis. Each laser has its

own refining filter in the optical path before the source is channelled into the microscope

assembly. After incidence with the specimen surface the laser signal is returned through

a notch filter, again specific to each source, which cuts out the elastic scattered light

from the signal to leave only the Raman-shifted component. This part then falls onto a

holographic grating which diffracts the signal to be then picked up by a Peltier-cooled

charged-coupled device (CCD). The holographic gratings can be substituted and differ

in notches per inch and are blazed (optimised) for a specific source wavelength. For the

two sources used in this thesis the 1200 grooves/mm filter is blazed for the 325 nm, UV

source and the 1800 grooves/mm grating is blazed for the 514 nm, green laser source.The

system also has a confocal aperture which can effectively control the amount of signal

from the lens that is allowed through into the rest of the light path; this can be set

to values from tens of microns to 1 mm. As the spectrometer sweeps the wavenumber

range the Raman measurement is made in acquisitions; the time spent and number of

acquisitions per wavenumber band is set before operation. Before measurements are

conducted the spectrometer is calibrated; first to an elastic, or Rayleigh, signal at 0 nm

and then to a known Raman signal. Generally the first-order silicon peak at ∼520 cm−1

is used. The first stage of this calibration sets the spectrometer’s zero return and is

an iterative process of cycles of reset and measure. The second stage effectively sets in

nanometers the width of a spectrometer motor-step; this doesn’t need to be reset and

repeated but a value should be set for each different source wavelength to be used. Stan-

dard Raman measurements performed in this work used two acquisitions of 30 seconds

with an aperture setting of 300 µm.
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4.1.3 Medium energy ion scattering (MEIS)

Medium energy ion scattering (MEIS) provides quantitative information on the thickness

and composition of a thin film material with atomic layer depth resolution possible.

MEIS theory

Ion scattering spectroscopy techniques utilise an incident beam of ions hitting solid

samples in an ultra-high vacuum (UHV) enclosure. Some of this incoming beam is

scattered back into the vacuum after collisions with atoms in the sample, ‘target atoms’,

near the surface. Incident ions are scattered elastically in one-on-one collisions with

surface target atoms resulting in a range of scattering angles and energies; elastic energy

loss is a result of the collision of incident and sample nuclei and the scattering angle

and mass ratio between them. Measurements made on the subsequent energies of these

backscattered ions can be used to deduce the atomic mass of the target atoms collided

with in the scattering process. The energy after an elastic collision is written [111]:

K =
E1

E0

[
(M2

2 −M2
1 sin

2θ)1/2 +M2cosθ

M2 +M1

]2

(4.11)

where E0 and E1 are the incident and post-collision beam energy, M1 and M2 are the

atomic masses of an incident ion and a target atom and θ is the experimental scattering

angle. If all other values in equation 4.11 are known accurately M2 can be calculated

to determine the target element involved in the collision. Quantitative compositional

analysis of a film can be performed by measuring the scattering counts for specific

elements while taking scattering cross sections into account - in MEIS the scattering

cross section is proportional to the square of the atomic number of a specific target

atom. In the data interpretation this is normalised to give a relative atomic ratio [112]:

R1

R2
=
C1

C2

(
Z2

Z1

)2

(4.12)

where R, C and Z are atomic fraction, relative scattering counts and atomic number

respectively for two different elements. Scattering from ions from beneath the surface

might also contain an additional inelastic component derived from interactions between
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incident and target electrons which depends upon the path length travelled through

the sample before rejoining the vacuum. Ions scattered from below the sample surface

lose energy inelastically at a rate proportional to the distance the ion travels in the

specimen. This extra energy loss can be used to calculate depth profiles in the sample

and is often discussed in terms of the stopping power (eV/Å). To make accurate depth

assessments it is useful to have the film thickness available from another measurement

type (ellipsometry, TEM, etc.) as otherwise the calculation involves assuming bulk

materials densities which can differ significantly from thin film densities [113].

MEIS apparatus/conditions

The specifics of the Daresbury MEIS facility have been published by Bailey et al. [114].

The MEIS experimental station consists of interlocked UHV chambers, a specimen

preparation/characterisation chamber and a scattering chamber, which are connected

by a sample transfer system. The MEIS technique uses a beam of He+ or H+ ions with

an energy of 200 keV provided by an accelerator. The beam line produced transports

the streams of positively charged ions into the scattering chamber via collimating slits

that ensure a beam divergence at the specimen of less than 0.1 ◦. The beam is aligned

along a crystallographic orientation in the specimen. For the TiHfO2 measurements

the beam was aligned along the Si [1̄1̄1] direction of the substrate, with the detector

positioned to record data along the Si [112] blocking channel. This geometry produced

a 90 ◦ scattering angle. For measurements on the Ce-HfO2 samples a different geometry

had to be chosen to ensure that the Hf and Ce peaks were not convoluted as this would

make compositional analysis difficult. For Ce-HfO2 the beam was aligned to the [111]

axis of the substrate, with the detector positioned to record along blocking direction

[100]. This experimental geometry produced a 125.3 ◦ scattering angle. Post incidence

scattered ions are captured by a toroidal-sector electrostatic analyser before hitting a

2-D detector. MEIS experiments were not run on un-doped HfO2 films but a set of such

experiments was published recently [115].
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4.1.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used for lattice imaging of thin film crys-

tallinity as well as providing information on interface and film thicknesses.

TEM theory

In TEM experiments a specimen is irradiated by an electron beam of uniform current

density with an acceleration voltage of 200–500 kV. As TEM measurements work in

transmission very thin specimens are necessary, ∼100 nm thickness, as the technique

utilises interactions between the electron beam and the specimen atoms in elastic and

inelastic scattering events. The beam is formed from the application of very high voltage

to a filament which emits electrons by thermonic, in the case of a standard filament, or

field emission as in the case of a LaB6 single crystal tip. The filament is placed at the top

of a vacuum column so that the emitted electron beam travels down though condenser,

objective and projector lens arrangements on its way towards the specimen. These

magnetic lenses serve to converge the beam so that the convergence is an experimental

parameter that can be controlled via the applied current. The column contains an airlock

system to allow the insertion of the specimen holder. The most common image mode

of operation is bright field imaging whereby higher atomic number material, or thicker

material, appears darker in the image due to occlusion and adsorption of electrons

by these areas. The electron beam can also be used to gain diffraction data which

appears as spots, in the case of a single crystal, or a series of ring traces in the case of

a polycrystalline specimen.

TEM apparatus/conditions

Cross sectional transmission electron microscopy (XTEM) was carried out on a JEOL

3010 microscope fitted with a LaB6 field emission gun to study the film thicknesses

and the structure of the films. Specimens were constructed by fixing cleaved segments

of specimen films face to face with a thin layer of epoxy and leaving them clamped

on a heating stage to cure the adhesive. Usually some silicon sections were glued on

the outside to act as housing for the films of interest. The specimen stacks were then

attached to a grinding jig using superglue and ground perpendicular to the glue plane
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Figure 4.1: Schematic of the measurement geometry of nulling ellipsometer.

using successively finer grades of silicon carbide paper down to an 8 µm finish. They

were then separated by soaking in acetone, reattached the opposite way round and the

grinding repeated on the reverse of the specimen. Once thinned to a thickness of ∼50 µm

copper slot grids were attached and the stacks were ion milled in a 10−5 mbar vacuum,

from both sides, at a cone angle of 4 ◦ to the grinding plane at a beam voltage of 5

keV until the instant a hole appeared at the glue interface. This was to leave areas

of interest in the electron transparent thickness regime. After brief milling at a lower

voltage/angle to effectively clean the surrounding area the specimens were transported

to the microscope which used an operating voltage of 300 kV during the analysis.

4.1.5 Nulling ellipsometry

Nulling ellipsometry was used to estimate the thickness of thin films specimens.

Ellipsometry theory

The ellipsometer apparatus is set up in a linear optical plane as shown in the schematic

in figure 4.1. From the source the monochromatic light is polarised via a polarising

prism and then hits a quarter wave plate (QWP) which is mounted to be perpendicular
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to the source direction and the angle indicated above the specimen. A QWP introduces

a phase difference of 90 ◦ between two perpendicular components of the source and

in practice is set at ±45 ◦ to the light path; this creates a circularly-polarised source

which next hits the specimen. The ±45 ◦ setting is a standard configuration that makes

the equations describing the light travelling through the machine much simpler. After

incidence with the specimen the light travels through a second analysing prism and

then into a photomultiplier detector. With the QWP set a measurement yields two

numbers which are the settings of the polariser and analyser respectively when a zero,

or null, magnitude of light is registered at the photomultiplier. The machine alters the

polariser and analyser parameters to find sets of parameters for which a null results at

the detector. The result of this measurement is a complex reflectance ratio, ρ, which

can yield an amplitude constant, Ψ, and a phase difference, ∆.

ρ = tan(Ψ)ei∆ (4.13)

Equation 4.13 demonstrates the relation between these parameters which must then be

used in calculations to pull out numbers for the optical constants or, in this case, the

film thickness.

Ellipsometry apparatus/conditions

A Rudolph Auto EL-IV null ellipsometer was used to measure specimens’ film thickness

which has 0.1 nm resolution and a measurement angle fixed at 70 ◦. The machine has

three monochromatic sources of different wavelengths; the 632.8 nm source was generally

used in the measurements in this work. The ellipsometer was calibrated daily with an Si

calibration standard of precisely known thickness and refractive index. Specimens from

a few millimetres to 4 inch wafers can be loaded and the method imparted no damage to

specimens during the measurements. The general protocol during growth was to measure

substrates pre-deposition using a program that assumes a single, transparent layer of set

refractive index. This confirmed the presence and thickness of the native oxide before

growth. A similar program was run after deposition and further measurements could be

taken across the substrate surface to check the uniformity of the layer. The sensitivity

of the machine proved to be vital in experimenting with new precursors; checking for
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very slight growth after each of a series of parameter changes rather than having to

grow an appreciable thickness of film which methods like weight gain measuring would

necessitate.

4.2 Electrical measurements

Electrical measurements were performed on films to assess their capacitance-voltage

(C-V), capacitance-frequency (C-f) and current-voltage (I-V) responses. From the C-V

measurements a material’s κ value can be extracted. MOS capacitor-like test structures

were prepared from cleaved sections of substrate after deposition and annealing had

taken place.

4.2.1 Electrical theory

Capacitance is the change in charge associated with a change in voltage. C-V measure-

ments involve applying a DC bias across the test structure while making the capacitive

current measurements with a 0.05 V AC signal. The AC voltage is of fixed magnitude

and frequency while the DC bias is swept through a voltage range. It is the DC com-

ponent that affects capacitance changes in the test structures and pushes the devices

into the device modes typical of a MOS capacitor; accumulation, depletion and inver-

sion (these were covered in the first chapter). As part of the measurement procedure a

delay time is built in at each measurement voltage step as a MOS capacitor takes time

to become fully charged at a given measurement voltage. If the gate bias is changed

too quickly (>∼100 mV/s) the equilibrium is not reached in the device leading to deep

depletion. Figure 4.2 shows the shape of an ideal C-V measurement for a device built

on a p-type substrate. The diagram is split into three sections that relate to the ac-

cumulation, depletion and inversion device regimes. At low frequencies the depletion

regime results in high capacitance values as the test structures form quasi-capacitors

of opposite plate polarity to that of accumulation. In a MOSFET, with its oppositely

doped source and drain regions, the system has a ready injection from these areas of

minority charge carriers. The concentration of minority carriers in a MOS, which is the

device architecture of the test structures measured in this work, is limited by the speed
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Figure 4.2: Example curve for capacitance-voltage (C-V) measurements.

at which minority carriers can be generated thermally at the interface2 in the device

mode of inversion. This places a frequency dependent limitation on the capacitance re-

sponse when the device is in inversion (see figure 4.2 - dark grey and black curves). Due

to this limitation the values for capacitance are extracted from the curves in the region

of strong accumulation. The value taken from the chart, shown as Cmax in figure 4.2, is

the capacitance measurement for the whole test structure, including the interfacial layer

from the substrate’s native oxide. In order to calculate the capacitance of the dielectric

material the value of Cmax must be split into components that include the interfacial

SiO2 layer and the high-κ layer. Capacitances sum as reciprocals as demonstrated in

equation 4.14.

1

Cmax
=

1

CSiO2

+
1

Chigh−κ
(4.14)

2The generations times for majority and minority carriers at a MOS interface are in the order of
picoseconds and microseconds respectively [116].
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Once the components from the SiO2 and high-κ layers have been separated the value

for Ck can be used to derive the permittivity, κ, from equation 4.15,

Chigh−κ =
ε0κA

thigh−κ
(4.15)

where ε0 is the permittivity of free space (8.85×10−14 F/cm), A is the cross-sectional

area of the quasi-capacitor structure through the film (using 0.3 mm as the diameter)

and thigh−κ is the thickness of the dielectric layer. The dark-grey/low-frequency curve

in figure 4.2 has a representation of the threshold voltage, Vth, at its minima but this

distinction is lost in the high-frequency curve with its lack of inversion response.

A number of charge phenomena relating to the deposition and heat treatment of thin

Figure 4.3: Schematic drawing of the test structures fabricated for electrical measure-
ments on ALD dielectrics. The layers’ thicknesses are not drawn to scale. Included and
captioned on the left are the various forms of charge phenomena, also not to scale, that
can exist in MOS capacitors as a consequence of fabrication or heat treatment effects.

After [117]
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films can affect subsequent electrical measurements. The types of charge and their

positions relative to the MOS test structures used in the results chapters are shown

schematically in figure 4.3. Mobile charges are ions in the lattice which diffuse into the

oxide during deposition or heat treatment. It is frequently alkali ions that are considered

problematic during MOS fabrication and so they are depicted in figure 4.3 as Na+ ions in

the dielectric oxide. The next type of charge in the diagram is oxide trapped charge.

These charges are due to defects in the dielectric oxide and can be positive or negative

depending on the type of defect and its electrical polarity. High-κ films have a much

greater probability of high defect concentration compared to SiO2 films. This is due to

the ionic bonding character of the higher permittivity oxides and also their generally

higher coordination compared to Si in SiO2 [118]. SiO2’s low coordination makes it more

likely that the network can re-bond and remove incomplete coordinations. In contrast

the high-κ materials, with their higher coordination and ionic bonding character, tend to

have a higher oxide defect concentration. High-κ oxides are poor glass formers and hence

less able to re-bond and remove defects in the oxide network. Oxygen vacancies and

interstitials in the lattice are the most commonly formed defect in high-kappa oxides.

The effect of these types of defect in the lattice is to create charge states within the

band gap of the material [119]. Oxygen vacancy defects can create charges states at an

energy within the band gap of the substrate material [118]. The effect of mobile and

oxide trapped charges in MOS test specimens is to provoke hysteresis in the up and

down sweep of a C-V measurement.

SiO2’s low coordination (average ∼2.6 compared to HfO2 ∼5.3 [118]), and covalent

bonding character, means that its main defects are dangling bonds from incomplete

atom coordination at the Si/SiO2 interface. Electrically active defects at the Si/SiO2

interface which form new energy levels within the band gap of the substrate are termed

interface states. In our test structures there are two interfaces, the Si/SiO2 and

SiO2/high-κ interfaces, which might both contribute interface states. Since these states

have energies lower than the conduction band edge they can act as traps for electrons

which would otherwise reside in the conduction band. The effect of these traps is to

cause the carrier mobility to increase more slowly with gate voltage, which can be seen as

a distortion in the shape of the C-V curve [120]. The last potential sources of charge in
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the MOS test structure are fixed oxide charges which are trapped Si ions in the native

oxide near the Si/SiO2 interface. They occur as a result of deposition and annealing

conditions. A positive fixed oxide charge shifts the C-V curve along the x-axis by an

amount inversely proportional to the oxide capacitance [117].

Figure 4.4 shows the ideal shape of a current density-field (J-E) measurement.

These curves have the same shape as current-voltage (I-V) curves and are readily pro-

duced from I-V measurements; J-E values are just the ones more often quoted/discussed

in the literature. In the measurement procedure a ’staircase’ voltage consisting of a fixed

voltage step and delay time repeated up to a voltage limit were applied to the test struc-

ture. The resulting current response potentially contains components from any leakage

current mechanisms; grain boundary leakage, F-N tunnelling and QM tunnelling. The

dashed grey line in the figure represents a reading for J at -1 MV/cm; throughout the

results sections values will be quoted in this way to make measurement-to-measurement

comparisons.

4.2.2 Electrical apparatus/conditions

For the electrical assessment of dielectric materials, MOS capacitor test structures were

fabricated utilising the material of interest as the insulating oxide. Gold film-side con-

tacts were sputter coated onto the specimen surfaces through a precision mask. Figure

4.3 shows the layout of these test structures. The dots were circular with diameters of

0.3 mm. The specimens were then evaporation coated on their reverses with aluminium

to form an Ohmic back-contact. The test structures form a quasi-capacitor structure

with a cross-sectional area that equals the area of the gold dots; each gold dot can be

thought of as a separate quasi-capacitor. As the Si substrate is a semiconducting ma-

terial a capacitor is only formed with an applied bias across the structure. The charge

carriers that collect under the dielectric oxide in accumulation or inversion effectively

form the other plate of the capacitor.

C-V and C-f measurements were carried out using an Agilent E4980A precision LCR

meter. Usually a C-V sweep is run between -1 V and 1 V to check that the specimen

shows the expected switch between accumulation and depletion at ∼0 V that would be
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Figure 4.4: Example curve for current density-field (J-E) measurements. The dashed
line demonstrates quoting a J value at -1 MV/cm.

expected from a functioning sample. A C-V run uses a 0.05 V DC current with an addi-

tional AC component swept across the voltage range specified. Subsequent experiments

can be run to widen the voltage sweep while checking the specimen has not succumbed

to breakdown. The C-V measurements are run for a designated frequency of applied

voltage, a number of which are recorded to assess the character of the specimen across

a range of frequencies: 106 Hz, 105 Hz, 105 Hz, 104 Hz and 103 Hz. C-f measurements

use a set voltage and record the change in capacitance as the frequency of the applied

voltage is altered, a few different voltages in the accumulation portion of the C-V re-

sponse (-3.5 V to 0 V) are used. I-V measurements were performed using a Keithly

617 programmable electrometer and a Keithly 230 programmable voltage source. I-V

measurements are set to run in two halves of the experimental voltage window, in the

general case -3.5 V to 0 V and 0 V to 3.5 V. Once a set of measurements has been

taken for a given dot more dots from the same specimen are assessed until 3–5 working

measurements of each type can be compared.



Chapter 5

Results: HfO2

5.1 Experimental rationale - HfO2

The use of HfCl4/H2O ALD in the MOSFET fabrication process has been in place

since 2007 [1]. The key achievement was an EOT of 1 nm via a higher-κ material’s

introduction in the place of SiO2. This meant that a physically thicker insulating layer

was included with equivalent capacitance density to 1 nm thick SiO2, leading to lower

leakage current density by several orders of magnitude. As well as a HfO2 dielectric layer

it was necessary at the same time to implement a metal gate to negotiate the problems

of ‘soft’ optical phonon degradation of carrier mobility associated with high-κ material

integration [121, 122]. By ‘soft phonon’ we mean phonons that demonstrate negative

frequency responses in the phonon frequency dispersion (see [123] for an example of the

phonon frequency dispersion of cubic HfO2 and the negative responses seen for certain

sectors of the Brillouin zone). Such phonons are often linked directly to phenomena like

phase transitions in materials. Unlike issues like interface trapped charges, which also

affect the carrier mobility, the soft phonon scattering problem could not be addressed

with adaptations in deposition and processing - hence a switch in production of both

fabrication materials at once.

As hafnium oxide-based films are currently the industry standard dielectric thin film

for nano transistor applications this chapter presents the deposition and analysis of

HfO2 thin films grown by ALD. These experiments provided both growth and categori-

sation data for ALD HfO2 to help organise a doping strategy and also baseline electrical

73



Chapter 5. Results: HfO2 74

measurements on HfO2 films as benchmarks to assess the doped materials against.

5.2 HfO2 deposition - OpALr
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Figure 5.1: (MeCp)2Hf(OMe)(Me)/H2O growth at different substrate temperatures.

Deposition experiments were carried out on the OpALr reactor in thermal deposi-

tion mode. The substrates used for HfO2 deposition were B-doped p-type Si (100) 4 inch

wafers with a ∼2 nm native SiO2 oxide on the surface as received. The hafnium precursor

used was (MeCp)2Hf(OMe)(Me), heated to 100 ◦C, with H2O, kept at room temper-

ature, as the oxidant. Thin films of HfO2 were deposited by ALD in the temperature

range 250–400 ◦C using a 3 second pulse and 6 second purge to assess the growth rate

by temperature. Figure 5.1 shows the growth rate of (MeCp)2Hf(OMe)(Me) in Å/cycle

over this temperature range. Negligible growth was obtained at 250 ◦C with the best

deposition rates seen for ≥350 ◦C. These temperature figures are reasonable for cy-

clopentadienyl precursors via ALD [33]. Further deposition experiments were run at the

deposition temperature of 350 ◦C altering the pulse length of the (MeCp)2Hf(OMe)(Me)

in the recipe. Figure 5.2 presents growth rate of (MeCp)2Hf(OMe)(Me) in Å/cycle over
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Figure 5.2: (MeCp)2Hf(OMe)(Me)/H2O growth at 350 ◦C with different pulse
lengths.

a range of pulse lengths from 0.8–6 seconds. There is a plateau in growth rate between

1.5–6 seconds suggesting self-limiting growth has been achieved. In the following char-

acterisation sections the ∼100 nm films were grown at 350 ◦C whereas the ∼10 nm films

were grown at 300 ◦C in order to give a direct comparison to the Ti-HfO2 specimen set

discussed in the next chapter.

5.3 HfO2 characterisation

5.3.1 XRD

For structural characterisation of the HfO2 films, thicker deposition specimens were

grown, cleaved from the wafers and subjected to N2-atmosphere anneals for 30 minutes

at temperatures between 600 ◦C and 1000 ◦C. Figure 5.3 presents XRD measurements

performed at 0.05 ◦/minute in the range 25–45 ◦, the traces have background removed

and are set arbitrarily apart in the y-axis. These measurements can be compared with

figure 5.4 which shows similar measurements run on the specimen set used in subsequent
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Figure 5.3: XRD measurements for ∼100 nm HfO2 films after standard anneals at
five temperatures. In the highest-temperature trace the monoclinic planes are indexed.
The large peak at ∼33 ◦ is from the Si substrate. The arrow indicates a plane not

expected for the monoclinic phase.

electrical measurements. The planes indexed are those expected for the monoclinic poly-

morph of HfO2 [96] and the large peak at ∼33 ◦ is from the Si substrate. A slight peak

can be seen in the as-grown measurement at ∼31 ◦ (arrowed) which suggests the as-grown

films might have some mixed level of crystallinity with some tetragonal/orthorhombic

character in a mostly monoclinic HfO2 film [96]. As can be seen from the figure the

as-grown specimen displayed the crystalline form without heat treatment and the films

stay in monoclinic crystallinity over the full temperature range; the slight sharpening

of the peaks towards the upper end of the scale could be due to grain growth at the

higher temperatures. Grain growth is driven by a reduction in energy associated with

reducing the grain boundary surface area in the films. This grain growth potentially

has repercussions on subsequent electrical measurements; grain boundaries being lower

resistance current paths through the films than conduction through the film bulk. The

M(111̄) reflection at ∼28 ◦ is the strongest peak in the pattern across the heat treatment

range suggesting that the films have a (111̄) texture, a preferential ordering for (111̄)
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Figure 5.4: XRD measurements for ∼10 nm HfO2 films after the gate-first and gate-
last anneals in N2. In the highest-temperature trace the monoclinic planes are indexed.

The background signal is removed from the traces for clarity.

crystallites, as-grown and after annealing. This type of crystallographic ordering in ALD

HfO2 films has been noted before [34] though other orderings have been seen including

preferential ordering on (111) at the expense of (111̄) [32]. The measurements made on

the electrical specimen set in figure 5.4 show an as-deposited trace with no diffraction

peaks and monoclinic diffraction peaks for the two anneals. In these thinner films the

XRD patterns are much weaker than in the ∼100 nm film set used in figure 5.3.

5.3.2 Raman spectroscopy

Figure 5.5 shows Raman spectroscopy measurements, made on the same specimens as

the XRD in figure 5.3, using the 325 nm UV laser source. The traces were taken between

150 cm−1 and 1250 cm−1 and each time a 30 second acquisition time was used with two

acquisitions taken to remove spikes from cosmic radiation by comparison. The huge

peak at ∼520 cm−1 and the modes seen in the 600–1100 cm−1 range are the first and

second order Si modes from the substrate. Many of the Raman spectra discussed in this
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Figure 5.5: UV Raman measurements for ∼100 nm HfO2 films after standard anneals
in N2 at five temperatures. In the highest-temperature trace the monoclinic phonon

modes are indexed. The asterisks denote 1st and 2nd-order Si modes.

thesis will have these silicon contributions present. The strong feature at 520 cm−1 is

the first-order, triply degenerate traverse optical phonon (TO). Other features asterisked

in figure 5.5 are second-order modes; the 2TA (∼300 cm−1), 2LA (∼600 cm−1), 2LO

(∼800 cm−1) and 2TO (∼1000 cm−1) bands respectively [124]. The measurements are

un-altered other than arbitrary offsets in the y-axis. The seven modes highlighted are

those expected for monoclinic HfO2; a competitively weak Raman signal and hence

the peaks are only clear in the higher temperature, more crystalline traces shown. No

peaks were seen in the measurements representing the D and G carbon modes at ∼1300

cm−1 and ∼1600 cm−1 respectively which would have indicated carbon inclusion in

the films during the deposition or annealing processes. This result suggests that the

monoclinic Raman response is relatively weak; no useful Raman measurements could

be taken for HfO2 films of 10 nm thickness. Accounting for all the modes developed

during the annealing means the films are unlikely to have suffered much in the way of

oxygen vacancy formation which would have shown up as a broad mode developing in
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the 600–700 cm−1 wavenumber range.

5.4 HfO2 electrical measurements

Further specimens were cleaved and subjected to the 850 ◦C/spike and 500 ◦C/30 min

annealing regimes outlined in chapter 3. After this they, and an as-deposited specimen,

were prepared for electrical examination by evaporation coating an Al ohmic contact on

their reverse and mask-sputter coating Au contacts on the film surface as described in

chapter 4.

5.4.1 C-V

Figure 5.6 shows C-V measurements made on the prepared HfO2 specimen set at 100

kHz. The curves display typical accumulation, depletion and inversion responses for a

MOS capacitor grown on a p-type substrate. The films subjected to heat treatments

show a reduction in their maximum capacitance, where the curves meet the y-axis,
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Figure 5.6: C-V measurements performed at 100 kHz for ∼10 nm HfO2 films as
deposited and after the 850 ◦C/spike and 500 ◦C/30 min anneals.
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compared to the as-deposited specimen. This reduced capacitance corresponds to a

reduced κ via the relationship in equation 4.15. The value for κ falls from 17 for the

as-deposited specimen to ∼14 for the annealed specimens. A κ of 17 fits well with the

values reported in the literature [97, 99]. There is a horizontal shift in the curves for

the annealed specimens compared to the as-deposited specimen. This shift along the

voltage axis is a result of trapped positive charges in the oxide incorporated during the

heat treatment. The charges are positive as the corresponding shift is in the negative

voltage direction. The hysteresis displayed in the sweeping measurements relates to

mobile ionic charges in the films. The relative increase in hysteresis shown in the 850

◦C/spike curve suggests more of these mobile ionic charges are incorporated into the

films during the higher temperature, faster annealing method.

5.4.2 J-E

Figure 5.7 presents leakage current density measurements over a range of voltages for the

same HfO2 materials set. Taken from the graph at -1 MV/cm the three specimens have

very similar values for leakage current density, ∼1.5×10−7 A/cm2, but at -2 MV/cm the

850 ◦C/spike specimen displays a clear increase in leakage compared to the as-deposited

and 500 ◦C/30 min specimens: 1.09×10−6 A/cm2 compared to ∼3×10−7 A/cm2 re-

spectively. Reported leakage current density for HfO2 varies enormously depending on

deposition method and post-deposition treatment as well as the specific V/cm value

quoted for. An offset of -0.27 MV/cm can be seen where the curve switches polarity at

∼10−9 A/cm2. This relates to built-in charge in the MOS test structure, demonstrating

that the flatband condition is not at zero applied volts.

The structure of the HfO2 films can go some way to explaining the subsequent

electrical measurements. Figure 5.3 showed that the as-deposited HfO2 specimen had

a peak at ∼31 ◦ suggesting some tetragonal/orthorhombic phase present as well as the

monoclinic phase. This peak is barely visible in the 600 ◦C trace in the figure and is

absent in the higher temperature anneals. From this observation the higher capacitance,

and hence κ, value measured for the as-deposited sample is most likely due to some

contribution from a higher permittivity phase like tetragonal HfO2 being present in the

film. After the different heat treatments the films are entirely monoclinic. The widening
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Figure 5.7: J-E measurements for ∼10 nm HfO2 films as deposited and after the 850
◦C/spike and 500 ◦C/30 min anneals.

in the 850 ◦C/spike trace’s hysteresis suggests the faster annealing regime results in

near-interfacial trapped charges in the specimen. The similarity in the leakage current

density measurements in figure 5.7 suggest that the grain boundary volume through the

films doesn’t change significantly. This correlates with only slight sharpening seen in the

XRD peaks seen in figure 5.3. Whether the higher leakage current density seen for the

850 ◦C/spike film measured at -2 MV/cm is related to the higher-anneal-temperature

texture change seen in the higher intensity of the M(111̄) plane in the XRD or in an

effect from the difference between the annealing regimes is difficult to isolate.

5.5 Chapter summary

HfO2 films have been prepared by thermal ALD using (MeCp)2Hf(OMe)(Me) at 100

◦C and H2O at room temperature. XRD and Raman measurements show the films

have (111̄)-textured monoclinic crystallinity in the heat treatment ranges studied. The

thicker (∼100 nm) films analysed were crystalline as-deposited, with the thinner films
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either amorphous or too thin to glean structural data from. The permittivity at 100

kHz (17) and leakage current density values (∼10−7 A/cm2) measured are similar to the

reported values in the literature.



Chapter 6

Results: Ti-HfO2

6.1 Experimental rationale - Ti-HfO2

As HfO2 has been implemented in the fabrication of MOSFETs the challenge now is

to improve and develop the dielectric materials system to continue the downscaling of

MOSFET-based devices. One way to do this is to include additional elements in a

HfO2-based film and monitor the potential changes to film composition, morphology

and dielectric response. The step-wise technique of ALD is ideal for precision control of

proportions in a mixed oxide system. This chapter describes the inclusion of titanium

in a hafnium oxide-based material in order to assess the effects on the physical structure

and dielectric response of the films. The first section briefly describes some TiO2 film

deposition and characterisation and the second section describes the deposition and

analysis of TixHf1−xOδ films of varying composition.

The titanium oxide polymorphs trialled as dielectric films in the literature all demon-

strate a relatively high dielectric constant but the material has a conduction band offset

with silicon meaning its integration in silicon-based devices results in high leakage cur-

rent density. The calculated conduction band offset between TiO2 and Si is 0.05 eV,

compared with 1.5 eV for HfO2 and Si [125]. A band offset of at least 1 eV is necessary

to prevent conduction of charge carriers by Schottky emission1. A consequence of the

Schottky effect is that otherwise promising dielectric materials are limited in usefulness

due to insufficient band offset - for example SrTiO3 has been reported to have a κ value

1Enhanced thermionic emission of charge carriers operating in an electric field range (<108 Vm−1)
below the charge range in which F-N tunnelling becomes a significant contributed to leakage current

83
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of ∼475 at 100 kHz [126] but its band gap of 3.2 eV on a Si substrate of band gap 1.1 eV

makes it improbable that the bands can be arranged symmetrically enough to provide

the necessary ∼1 eV offset at valance and conduction band.

6.2 TiO2

6.2.1 TiO2 deposition - OpALr

TiO2 samples were deposited via thermal ALD using the OpALr reactor. The precursors

were Ti(iOPr)4 heated to 50 ◦C and water kept at room temperature. The substrates

used were boron-doped p-type Si(100) with a ∼2 nm native SiO2 on the surface. Stage

temperatures of 250 ◦C, 300 ◦C and 350 ◦C were trialled to assess the precursor’s

deposition in the temperature range in which the hafnium precursor functioned in the

previous results chapter. Some TiO2 growth data is included in the Ti-HfO2 deposition

section of this chapter. TiO2 films deposited by ALD at 350 ◦C were analysed to
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Figure 6.1: XRD measurements for ∼60 nm TiO2 films as-deposited and after stan-
dard anneals at five temperature. Two anatase peaks are indexed. The large peak at
∼33 ◦ is from the Si substrate. The asterisks mark noise peaks from the apparatus.
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determine structural information. These deposition runs used a Ti(iOPr)4 pulse/purge

of 3 s/6 s and a water pulse/purge of 20 ms/10 s.

6.2.2 TiO2 characterisation

XRD

Figure 6.1 shows XRD measurements for a ∼60 nm TiO2 film as-deposited and after

annealing at different temperatures in N2 in the tube furnace. The two peaks highlighted

are consistent with the anatase titania phase [127]. The plot demonstrates that the as-

deposited specimen was crystalline and there is very little change in the traces with

increasing temperature. This points to anatase being the equilibrium phase from the

growth temperature up to a 1000 ◦C anneal condition for deposition with this precursor.

The lack of any shifts in θ/2θ peak position and only a slight sharpening in the peaks

themselves suggests little in the way of grain growth during the annealing.

Raman spectroscopy

The tetragonal anatase form of titanium oxide has symmetry D19
4h leading to the normal

modes A1g+2B1g+3Eg to be present in Raman spectroscopy measurements. Figure

6.2 presents UV Raman measurements for the same annealed TiO2 specimens used in

the XRD plots in figure 6.1. The various phonon modes associated with the anatase

structure are highlighted in the figure [128]. The first Eg mode is expected to be a much

stronger signal than the others in anatase but is cut off here by the notch filter which

limits the UV Raman low wavenumber region to >190 cm−1. This plot confirms that

anatase is the only phase present in these films in the temperatures regime assessed

and that there is little in the way of peak shifting/sharpening that might suggest grain

growth or lattice strain. What the XRD and Raman data show is that ALD deposition

with Ti(iOPr)4 readily forms crystalline TiO2 as-deposited and that the films are stable

during subsequent heat treatment. This fits well with previous reports that find ALD

TiO2 via Ti(iOPr)4 to crystallise at deposition temperatures >180 ◦C [129]. There was

some evidence of carbon inclusion with the carbon D and G bands highlighted in the

Raman plots. 0.5 at.% carbon has been reported before as an impurity in CVD TiO2

[130] and attributed to residual carbon from precursor decomposition. Certainly the
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Figure 6.2: UV Raman measurements of ∼60 nm TiO2 ALD films as-deposited and
after standard anneals at five temperatures. The Phonon modes associated with anatase

are indexed. The asterisks denote substrate contributions.

carbon indicated in figure 6.2 is not a result of the annealing process but incorporated

during deposition at a substrate temperature of 350 ◦C.

6.2.3 TiO2 Dielectric properties

Electrical measurements were not performed on TiO2 films; there are several examples of

TiO2 thin film dielectric experiments in the literature [130–132]. CVD TiO2 is reported

to demonstrate a frequency-dependent κ, in the rutile and anatase polymorphs, which

becomes almost constant at high frequencies (>104 Hz). The high frequency plateau

coincides with the dielectric response from the polarisability of bulk TiO2. Although

TiO2 can register very high κ values the main issue with it as a dielectric in MOSFET

devices is its low band gap and hence unsuitable band off-set with a Si substrate as

discussed at the beginning of this chapter.



Chapter 6. Results: Ti-HfO2 87

6.3 Ti-HfO2

6.3.1 Ti-HfO2 deposition - OpALr

Ti-doped HfO2 films were deposited on the OpALr reactor in thermal deposition on

p-type Si(100). The plan was to deposit films of two nominal thicknesses, in a range

of compositions to assess the effect on the material’s dielectric response. Table 6.1 lists

the reactor parameters utilised after initial experiments with the precursors used for

Ti-HfO2 deposition. The variation in the growth rate with deposition temperature is

shown in figure 6.3 for the growth of TiO2 and HfO2. The optimum substrate temper-

ature for TiO2 deposition was found to be 250 ◦C. At this temperature a growth rate

of 0.17 Å/cycle was achieved. On increasing the precursor pulse duration, and hence

the amount of precursor added to the system, the growth rate per cycle did not increase

once the saturation point was reached at a 2 s duration. This confirms that the growth

Table 6.1: OpALr reactor parameters for depositing (MeCp)2Hf(OMe)(Me) and
Ti(iOPr)4 at a substrate temperature of 350 ◦C

Ti(iOPr)4 bubbler temp. 50 ◦C

Ar bubbler 300 sccm

Ar purge 200 sccm

pulse 3 s

purge 6 s

(MeCp)2Hf(OMe)(Me) bubbler temp. 130 ◦C

Ar bubbler 300 sccm

Ar purge 200 sccm

pulse 3 s

purge 6 s

H2O pulse 20 ms

H2O purge 10 s

was behaving in a true ALD fashion. Increasing the temperature to 300 ◦C and 350

◦C substantially increased the growth rate suggesting that the precursor had started

to thermally decompose or a CVD-type component of growth was contributing to the

deposition. The non-saturative nature of growth rate with pulse length is illustrated in

figure 6.4, for TiO2 grown at 350 ◦C. For the HfO2 growth the (MeCp)2Hf(OMe)(Me)

precursor failed to grow at a substrate temperature of 250 ◦C. Optimal growth oc-

curred at deposition temperatures ≥350 ◦C. A nearly saturative growth rate with
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Figure 6.3: Deposition rates as a function of temperature for the two precursors in
the Ti-HfO2 series.
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pulse length is illustrated in figure 6.4. For the TixHf1−xO2−δ film deposition, a com-

promise deposition temperature of 300 ◦C was used. At this temperature neither the

(MeCp)2Hf(OMe)(Me) growth or Ti(iOPr)4 growth is optimised. There is a small CVD

component for the Ti(iOPr)4 growth and a sub-optimal HfO2 growth rate. To create

the different compositions different ratios of Ti and Hf pulses were used in a sequence of

N[A(Ti/purge/H2O/purge) + B(Hf/purge/H2O/purge)], where N, A and B are integers.

Based upon the growth rates at 300 ◦C which are 0.52 Å/cycle and 0.21 Å/cycle for

the Ti(iOPr)4 and the (MeCp)2Hf(OMe)(Me) respectively, the ratio of precursor pulses

was altered to try to obtain a 10% and 50% Titanium doping level. A composition of

Hf0.5Ti0.5O2 has been reported as the optimum dielectric response in density functional

theory calculations [133]. The 10% titanium films were grown using a process of 23 Hf

pulses to 1 Ti and the 50% titanium by 5Hf : 2Ti. Different numbers of overall ALD

cycles were used to produce nominally 11nm and 6nm films of 10% and 50% Ti. 50 and

30 ALD cycles were used to produce the 50% Ti samples and 20 and 12 ALD cycles

were used for the 10% Ti samples.

XRD

6.3.2 Ti-HfO2 characterisation

Figure 6.5 shows the XRD patterns from the thickest 10% and 50% Ti films as-deposited,

after the 500 ◦C/30 min and 850 ◦C/spike anneals. Both the as-deposited films show

no diffraction features suggesting that they are amorphous. Diffraction patterns from

both the annealed 10% samples show diffraction features at 24.9 ◦, 28.7 ◦, 32.0 ◦, 35.8 ◦

and 41.4 ◦. These features correspond to the monoclinic phase of HfO2 [ICDS 6-318

34-104 43-1017] with a slight shift of approximately 0.3 ◦ due to a distortion of the

lattice with the inclusion of the smaller Ti atom. With both types of annealing, the

50% Ti films remain amorphous. The retention of an amorphous microstructure has

important consequences on the leakage current of the films as grain boundaries act as

leakage current pathways in high-κ films. One concern was that due to an apparent

growth rate limiting effect apparent with the Ti precursor inclusion (see MEIS data)

the films were just too thin for the diffractometer to analyse. In order to alleviate these

concerns further XRD scans were run on thicker specimens of various compositions (as
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Figure 6.5: XRD measurements of Ti0.1Hf0.9O2 and Ti0.5Hf0.5O2 ALD films as-
deposited and after the 850 ◦C/spike and 500 ◦C/30 min anneals. The background

has been subtracted from the raw data.

well as a TEM specimen being made from a critical sample, figure 6.11). Figure 6.6

presents XRD measurements performed on Ti-HfO2 ALD films of a variety of doping

levels after standard anneals at 500 ◦C. The films are all ∼12 nm from ellipsometry

measurements. An undoped HfO2 film is at the top of the figure with four monoclinic

diffraction peaks indicated. The monoclinic character in the films appears to reduce in

the 15%Ti specimen and for Ti additions ≥30%Ti the specimens display an amorphous

structure. This demonstrates Ti acting as a network modifier when enough is added

proportionally to the material.

Raman spectroscopy

Raman measurements for the Ti0.5Hf0.5O2 specimen set annealed in N2 for 30 minutes

at various temperatures are presented in figure 6.7. The traces show the development of

four modes which are highlighted in the top curve in a much longer measurement (120s

acquisition time, 5 acquisitions). These four modes are similar to those attributed to
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Figure 6.6: XRD measurements of ∼12 nm Ti-HfO2 ALD films with different Ti
addition levels after standard anneals at 500 ◦C. The background has been subtracted

from the raw data.

HfTiO4 in a 50:50 Ti:Hf material [134]. The modes seen for annealed monoclinic HfO2

in figure 5.5 do not appear in this plot and the modes seen in this plot did not develop

for HfO2 films or the Ti0.1Hf0.9O2 composition. This data would suggest that the film

stoichiometry is in the ∼50:50 Ti:Hf proportion but that there is limited crystallinity

present; only the long scan of the 1000 ◦C material had a convincing peak-set in it.

Raman measurements on the 850 ◦C/spike and 500 ◦C/30 min annealed specimens

(not shown) revealed no peaks. The 500 ◦C/30 min anneal is too low in temperature

in comparison to the temperature for which peaks were seen in figure 6.7 and the spike

anneal used for the electrical measurement specimens may be too quick an annealing

regime to develop the crystalline phase. For clarity of the four highlighted modes the

x-axis is limited to 900 cm−1 but the traces showed no sign of the carbon D and G

bands seen for 350 ◦C-deposited TiO2 in figure 6.2. This suggests that the appearance

of carbon was due to a decomposition mechanism which is alleviated by conducting

deposition at the lower temperature of 300 ◦C.
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Figure 6.7: UV Raman measurements for Ti0.5Hf0.5O2 samples as-deposited and after
standard anneals at five temperatures. The asterisks denote substrate contributions.

MEIS

MEIS energy spectra for the two different compositions are given in figure 6.8 for nom-

inally 6 nm and 11 nm thick films. The spectra contain peaks from He+ ions that are

scattered off Hf, Ti, Si and O atoms. Elastic energy loss processes in the collisions

between the He+ ions and target atoms results in the energy of the ions scattered off

different atoms occurring at different positions on the energy spectra. The widths of

the peaks relate to the thickness of the layer due to inelastic energy loss processes [135].

MEIS energy spectra can be converted into elemental depth profiles to accurately ex-

tract the film thicknesses. The intensity of a peak is related to both the scattering

cross section for the ion/atom collision and the amount of atoms present in the sample.

Integration of the area under the peak can be used to provide information on the com-

position. Integration of the Ti and Hf peaks shows that the desired composition was

obtained for both the Ti0.1Hf0.9O2 and Ti0.5Hf0.5O2 Ti sample sets. From the energy
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Figure 6.8: MEIS energy spectra for nominally 6 nm and 11 nm Ti-HfO2 films.
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range of the peaks in figure 6.8 and the calibrated profiles, it is clear that the thick-

nesses of the layers in the 10% samples are very close to the nominal values. The thicker

film is 12 nm and the thinner one 6.7 nm thick, c.f. 11 nm and 6.4 nm nominally.

In comparison the Ti0.5Hf0.5O2 samples are substantially thinner than the anticipated

nominal values. At 6.8 nm and 3.6 nm thick they are approximately 60% of the an-

ticipated thickness (10.5 nm and 6.3 nm respectively). The MEIS data indicate that

there is a mechanism by which the Ti incorporation inhibits the growth rate of the film

without affecting the composition. Similar effects where doping alters the growth rate

of deposited films in ALD have been seen before [65]. In this case it is likely to be due

to an etching effect [136]. A net effect is that similar thickness samples of Ti0.5Hf0.5O2

(6.8 nm) and Ti0.1Hf0.9O2 (6.7 nm) were deposited. Ti and Hf depth profiles from these

as-deposited samples are given in figure 6.9. MEIS energy spectra taken from samples

before and following the 850 ◦C/spike and 500 ◦C/30 min anneals are given in figure

6.10. The spectra show no perceptible difference before and after annealing, implying

that annealing does not cause inter-diffusion of the high-κ layer into the substrate, or
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Figure 6.10: MEIS energy spectra for 6.7 nm Ti0.5Hf0.5O2 samples as-deposited and
after the 850 ◦C/spike and 500 ◦C/30 min anneals.
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any increase in the SiO2 interlayer thickness.

TEM

A XTEM image from the Ti0.5Hf0.5O2 gate-last annealed sample is given in figure 6.11.

Tilt checks were performed on-substrate-axis and 2 ◦ tilted in orthogonal directions; con-

firming that the alignment was close to the best edge-on condition.The silicon substrate

can be seen on the left hand side ending in the 2 nm SiO2 layer confirming the findings

from the MEIS results that the interfacial oxide layer was unchanged by the anneal-

ing. The dark band is the Ti0.5Hf0.5O2 layer corroborating the thickness measurements

Figure 6.11: Cross-section TEM micrograph of Ti0.5Hf0.5O2 film after the 500 ◦C/30
min anneal.
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from the MEIS and ellipsometry data. The electron beam was manoeuvred onto several

positions on this dark strip to see if diffractions spots resulted from the existence of

crystalline material in the layer. As none were obvious it was concluded that the dark

layer is comprised of amorphous material.

6.3.3 Ti-HfO2 electrical measurements

C-V

C-V results taken at a measurement frequency of 100 kHz from a 6.8 nm thick 10%

sample and a comparable 6.7 nm thick 50% sample are given in figures 6.12 and 6.13

respectively. The curves show measurement hysteresis of ∼1 V; slightly less than 1 V for

the 10%Ti specimens examined. This hysteresis is indicative of trapped charges in the

dielectric films, suggesting that the 50%Ti samples have a higher proportion of trapped

charges than the crystalline 10%Ti films. The shift along the x-axis of the measurements

made on annealed sample in both specimen sets is indicative of trapped charges in the

dielectric stack. In both cases this effect appears more pronounced for the 500 ◦C/30

min annealed samples. The dielectric constant of each material can be extracted from

the capacitance in strong accumulation (e.g. -4 V) when the 2 nm SiO2 interfacial

layer with a dielectric constant of 3.9 is taken into account. For the 50% sample the

dielectric constant of the as deposited sample is 35, which reduces to 27 and 22 for the

500 ◦C/30 min and 850 ◦C/spike anneals respectively. These values are all higher than

the ∼20 dielectric constant of undoped HfO2 and competitive with measurements made

on similar, differently-fabricated systems [73, 74]. For the as-deposited 10% sample

the extracted dielectric constant is 20, which reduces to 12 following the 500 ◦C/30

min anneal. There is a marginal increase in the dielectric constant to 21 following 850

◦C/spike annealing. The incorporation of Ti into an HfO2 matrix is known to induce

higher polarisability of the Hf and O ions leading to a softening of phonon modes and

an increase in the dielectric constant [137]. Figure 6.13 is evidence of this effect when a

relatively large proportion of Ti is included in a HfO2 lattice.
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Figure 6.12: Capacitance-voltage measurements at 100 kHz for Ti0.1Hf0.9O2 films
as-deposited and after the 850 ◦C/spike and 500 ◦C/30 min anneals.

J-E

Plots of the leakage current density with oxide field strength are given in figures 6.14

and 6.15 for the Ti0.1Hf0.9O2 and Ti0.5Hf0.5O2 samples respectively. The leakage current

density is generally lower for the 50% Ti content samples compared to the 10% samples.

For the 10% Ti as-deposited specimen in figure 6.14, the leakage current density is

1.1x10−5 A/cm2 at a field-strength of -2 MV/cm. Annealing produces an increase in the

leakage current density to ∼2.0x10−4 A/cm2, which can be attributed to grain boundary

surface area increase as the annealed samples crystallise and the grain boundaries act as

paths for leakage current. The Ti0.5Hf0.5O2 as-deposited sample has a leakage current

density of 7.7x10−7 A/cm2 at a field-strength of -2 MV/cm. The 500 ◦C/30 min anneal

only makes a marginal difference to the leakage with a slight increase to 8.7x10−7 A/cm2.

The 850 ◦C/spike anneal increases the leakage current density by nearly two orders of

magnitude to 3.6x10−5 A/cm2. The asymmetry of the J-E curves in figures 6.14 and 6.15

is symptomatic of HfTiO-type dielectrics (in comparison to the relatively symmetrical

J-E profile of un-doped HfO2, see figure 5.7. Two trap levels at 0.7 and 0.9 eV below the
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Figure 6.13: Capacitance-voltage measurements at 100 kHz for Ti0.5Hf0.5O2 films
as-deposited and after the 850 ◦C/spike and 500 ◦C/30 min anneals.
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Figure 6.14: J-E measurements for Ti0.1Hf0.9O2 films as-deposited and after the 850
◦C/spike and 500 ◦C/30 min anneals.
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Figure 6.15: J-E measurements for Ti0.5Hf0.5O2 films as-deposited and after the 850
◦C/spike and 500 ◦C/30 min anneals.

conduction band have been reported which participate in the conduction process [138].

These traps levels were found to be intrinsic to HfTiO - caused by the Ti incorporation

into HfO-type layers - and so an unavoidable phenomenon is this kind of materials

system. Offsets can be seen in both J-E plots where the curves switch polarity at ∼10−9

A/cm2. These are -0.2 and -0.25 MV/cm for the 10%Ti and 50%Ti samples respectively.

It is interesting to note the slightly larger offset seen for the composition richer in Ti.

This seems to suggest that some source of built-in charge is being included as the Ti

proportion is increased, perhaps linked to the amorphising effect seen in the structural

characterisation. This reduction in film crystallinity must either result in a greater

proportion of interface states, or trapped charges in the oxide itself, which result in the

fixed offset highlighted.

The electrical performance of the 50%Ti sample represents a substantial improvement

over the 10%Ti sample and undoped HfO2. The dielectric constant suffers during the

annealing step but is still much higher than the HfO2 counterpart. The 500 ◦C/30 min,

or ‘gate-last’, type of annealing is preferable. Because the films remain amorphous, the
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leakage current is comparable with the undoped, crystalline HfO2.

6.4 Chapter summary

Ti-HfO2: In summary, additions of Ti to a HfO2 matrix were shown to have an amor-

phising effect once the proportion of Ti was over ∼30%. This is most likely achieved

through including an addition of smaller atomic radius in comparison to Hf; a com-

paratively fast-diffusing atom that acts as a network modifier under the heat treatment

regimes studied here. The film thicknesses deposited (<10 nm) are in the right thickness

range to promote an amorphous non-equilibrium phase in a thin film. Below the critical

∼30% addition proportion the Ti atoms are most likely accommodated in interstitial

sites in the HfO2 lattice, registering as slight peak shifts in the XRD measurements.

The MEIS and TEM results in figures 6.10 and 6.11 were convincing evidence that the

films and interfaces of annealed specimens were not significantly changed during the

heat treatments. Of the two compositions examined in detail the Ti0.5Hf0.5O2 demon-

strated the highest permittivity value of 35 as-deposited. The increase in permittivity

is attributed to Ti atoms effect on the polarisation of Hf and O ions in the material,

and a related increase in permittivity as expected from the Clausius-Mossotti relation.

The permittivity decreased to 27 after the 500 ◦C/30 min anneal and 22 after the 850

◦C/spike anneal. Similarly the leakage current density measured for the Ti0.5Hf0.5O2

films was higher after the 850 ◦C/spike anneal. This might be due to the higher tem-

perature resulting in the nucleation of TiHfO3 in a proportion that is too low for most

of the analysis taken; the Raman measurements in figure 6.7 hint at the development

of this phase, only looking convincing after a 1000 ◦C/30 min anneal and very long

measurement time. The asymmetry of the J-E measurements is thought to be related

to defect trap states at 0.7 and 0.9 eV below the conduction band of the material.





Chapter 7

Results: Ce-HfO2

7.1 Experimental rationale - Ce-HfO2

In attempting to maximise the properties of HfO2-based dielectric films via ALD, one

potential avenue is to dope the material with a different-atom-size addition to provoke

the retention of a metastable crystallographic phase at room temperature. The addition

atoms substitute for Hf atoms in the lattice and by modulating the molar volume of the

mixed phase make a non-equilibrium phase more energetically favourable. Frequently

the transformation of the films to the metastable phase requires post-deposition heat

treatment so the structural alterations seen for each type of annealing regime are key to

learning about the material produced. Also in comparison with the amorphous phase

films produced in the previous chapter the effects of grain size and grain boundary

volume on electrical properties might be important.

This chapter begins with a section on the deposition of CeO2 films using Ce(mmp)4

and water as precursors. The section goes on to present measurements made on CeO2

films and discusses CeO2’s suitability as a dielectric material in its own right. The

second section of the chapter describes the inclusion of cerium in a hafnium oxide-based

material in order to assess the effects on the physical structure and dielectric response of

the films compared to undoped HfO2. The intention in the latter work was to produce

specimens of a variety of thicknesses and compositions CexHf1−xOδ. Unfortunately, due

to issues with the deposition, only one composition was produced but the experiments

103
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were still profitable; both as a proof of concept for Ce-HfO2/H2O thermal ALD and as

a comparison with other doped HfO2 systems in the literature.

7.2 CeO2

7.2.1 CeO2 deposition - TrijetTM

CeO2 films were grown on the TrijetTM reactor at a variety of growth temperatures,

150–350 ◦C in ALD mode and 250–600 ◦C in CVD mode, using Ce(mmp)4 and water.

The substrates used were n-type Si(100) with a ∼2 nm native oxide as opposed to the

p-type substrates used in the case of all other deposition experiments in this thesis. This

was the first assessment of the Ce(mmp)4 precursor for vapour deposition [iv]. Data

on it and other cerium precursors was published together in an article on precursors for

CeO2 deposition [ii]. A materials structure-properties paper followed from subsequent

analysis performed on the range of ALD samples grown utilising Ce(mmp)4 and water

[iii]. Figure 7.1 presents the thermal gravimetric analysis (TGA) plot of Ce(mmp)4 over
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Figure 7.1: Thermal gravimetric analysis of Ce(mmp)4 precursor carried out under
atmospheric pressure.
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a range of temperatures carried out under atmospheric pressure. The data suggest that

the evaporation of the compound begins to take place in the region 100–150 ◦C. After

∼250 ◦C the dry residue is all but negligible. Under low pressure (0.8 Torr) Ce(mmp)4

sublimes intact without deposition of residues [iv]. This information is vital with a new

precursor to estimate the likely maximum working temperature over which decomposi-

tion will become unacceptable. The ideal temperature is high enough to provoke suitable

volatility in the precursor to get vapour transport from its container to deposition cham-

ber without causing decomposition at a rate that will seriously limit the lifetime of the

precursor. Before use in the TrijetTM reactor the Ce(mmp)4 compound had to be dis-

solved in toluene to make a 0.05 M solution that could be fed into the liquid injection

system. The precursor usage was assessed during deposition by recording the changes

on the graduated precursor vials. Pre and post-deposition the wafers were weighed in

order to calculate the thickness of layer grown each time. Figure 7.2 is a graph of depo-

sition weight measurements from the first set of Ce(mmp)4 experiments conducted on

the TrijetTM reactor. The ALD points are linear-fitted and the CVD data are fitted to a
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Figure 7.2: Ce(mmp)4/H2O deposition by substrate temperature; the triangles de-
note the ALD growth window, the squares are the CVD growth.
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Boltzmann function. The evaporator temperature was 100 ◦C. As ALD is a saturative

two-step process it is expected to result in a plateau of very similar deposition rates

within the ALD growth window. The measurements demonstrate a reasonably linear

ALD plateau with the last point at 350 ◦C slightly higher - perhaps some some evidence

of CVD-type deposition components during growth at this temperature.

7.2.2 CeO2 characterisation

XRD

Figure 7.3 shows the XRD diffraction patterns recorded for films deposited at 150 ◦C,

250 ◦C and 350 ◦C. There is an arbitrary offset in the intensity axis between data

sets and background features have been removed for clarity. At all temperatures the

films have diffraction peaks centred about 28.6 ◦, 33.1 ◦ and 47.5 ◦ corresponding to

the cubic (111), (200) and (220) diffraction peaks respectively (ICDS card [43-1002]).

The peaks show a broadening at lower deposition temperatures; most noticeably in

the (111) peak. Diffraction scans with a slower scan speed were carried out in the

region of the (111) peak to obtain full width at half-maximum (FWHM) data due to

the (111) being the most distinct diffraction peak. In XRD peak broadening occurs

due to effectively sampling fewer planes in a film of smaller average crystallite size

and hence increasing the angular range of lesser intensity around the diffraction peak.

Other factors that can have an impact on peak width are instrumental broadening

effects and lattice strain contributions. Instrumental broadening is not a concern due

to the small size of the grains and hence peaks that are considerably broader than the

system resolution. The Scherrer formula [139], equation 4.2, was used to estimate the

average crystallite diameters, τ , from the (111) X-ray diffraction features for each of

the specimens. Here 0.9 is the Scherrer shape factor, λ the X-ray wavelength, β the

FWHM of the sample peak (radians) and θ is the scattering angle at the centre of the

peak being measured. Measurements performed have the grain size changing from ∼6

nm for the 150 ◦C sample, to ∼23 nm for the 350 ◦C sample. Larger grain size with

increased deposition temperature is to be expected and is most likely due to increased

mobility of the deposited atomic material with increased deposition temperature. An

overestimation via XRD FWHM measurements can exist due to to the effect of lattice
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Figure 7.3: XRD measurements for ∼50 nm CeO2 ALD film as-grown at three sub-
strate deposition temperatures. The background has been removed for clarity and the

peaks associated with cubic CeO2 are indexed.

strain in the films. At higher temperatures and with larger grains there is less grain

boundary surface area that would alleviate strain in the films.

Raman spectroscopy

Figure 7.4 shows the ultraviolet-excited Raman spectrum of CeO2 films deposited at

the same three substrate temperatures. A mode at ∼520 cm−1 is associated with the

silicon substrate and has been removed for clarity (denoted with an asterisk). The

measurements are otherwise unaltered except for an arbitrary shift on the intensity

axis. The mode at ∼465 cm−1 is the first-order triply-degenerate F2g mode associated

with the fluorite crystal structure - a symmetrical stretching of the CeO8 unit in the

lattice. This mode confirms that the crystalline phase is cubic. The other mode seen is

the second-order A1g symmetry mode. Seven such second-order modes are predicted but

two have additional contributions from the Eg (∼600 cm−1 mode) and F2g (∼1178 cm−1

mode) symmetry elements [140]. The presence of second-order modes in the UV Raman



Chapter 7. Results: Ce-HfO2 108

plot is testament to the resonance Raman process which samples phonon contributions

away from the centre of the Brillouin zone. For example the two Raman sources used in

figure 7.4 can have their wavelengths converted to electron volts: 514 nm → ∼2.41 eV,

325 nm → ∼3.82 eV. Bulk CeO2 has a band gap of 3.15 eV with values as high as 4 eV

recorded for thin films. From these values it can be seen that the band gap for CeO2 is

very close to the excitation energy of the UV laser source. Owing to this the appearance

of the 2nd-order modes, and enhancement of the1st-order, is most likely a resonance

enhancement effect where these phonon contributions are sensitive to excitation energy.

A clear shift of the F2g mode to higher wavenumber values as well as a broadening of

the band with decreasing temperature is seen. This broadening effect is due to reduced

phonon lifetime with smaller grain size. The general peak shift is attributed to a soften-

ing of phonon modes for lower crystallite size at the lower deposition temperatures and

an increase in lattice constant [141]. Below a grain size of 100 nm this mode is expected

to show a width decrease with grain size following a cubic root dependency; above this
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Figure 7.4: UV Raman measurement of CeO2 ALD films as-grown at three deposition
temperatures; the trace from a 514 nm Ar ion laser Raman measurement of the 350
◦C film is included for comparison. The phonon modes indexed are associated with the
cubic phase of CeO2. The asterisks in the Ar ion trace denote substrate contributions.
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size regime the modes sensitivity to oxygen sub-lattice disorder effects can result in

broadening. The Raman results correlate with the XRD data and show that the films

contain cubic crystallites and that the grain size increases with increasing deposition

temperature. It is difficult to attach an accurate grain size to these measurements due

to other factors, such as lattice strain, that affect the Raman line width. The general

trend is the same as with the XRD results, showing larger grain sizes as the growth

temperature increases.

Linear trend in feature widths

Figure 7.5 shows the change in measured F2g Raman band half-width at half-maximum

against the changing crystallite size as calculated from the XRD data. The least-squares

fitted line can be adapted for a relation between Raman band width measurement and

crystallite size of the form

Γ(cm−1) = 6 + 72/D(nm) (7.1)

where 6 and 72 are fitting coefficients, D is the XRD-derived crystallite size and Γ is

Raman line half-width at half-maximum. It is interesting that the data fit well within

the previously-reported ceria measurements even though the grain size control comes

purely from substrate temperature during deposition and not from some subsequent

heat treatment. Equation 7.1 is an empirical relation with similar coefficients to that

developed in [142]; 5.48 and 98.4 in place of 6 and 72 respectively.

7.2.3 CeO2 electrical measurements

C-V

Figure 7.6 shows capacitance-voltage (C-V) plots from films grown at 150 ◦C, 250 ◦C

and 350 ◦C with thickness of 51 nm, 50 nm and 44 nm respectively obtained by ellip-

sometry. Curves for test frequencies between 1 kHz and 1 MHz are plotted. The curves

are the opposite way round (reflections in the y-axis) to the others in this thesis owing

to the n-type doping of the Si substrates used. The dielectric constant can be extracted

from the capacitance values in strong accumulation taking into account the presence of
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Figure 7.5: Raman band half-width plotted against XRD-measured particle size;
three other experimental references are included for comparison. From the top down

[143], [142], our data and [140]; superimposed on the data from [142].

a 1.6 nm thick native SiO2 layer with a dielectric constant of 3.9. For the sample grown

at 150 ◦C the extracted κ value at 1 MHz is 42 and for the sample grown at 350 ◦C

the value at 1 MHz is 25. These are relatively high values in comparison to amorphous

HfO2. At the lower measurement frequency the capacitance increases, most markedly

for the sample grown at 150 ◦C. For a given bias voltage the capacitance will generally

increase as the measurement frequency is decreased [120]. The change in capacitance

with frequency is better illustrated in the C-f plot given in figure 7.8 which summarises

the accumulation capacitance (1 V bias) as a function of bias frequency for the CeO2

films deposited at 150 ◦C and 350 ◦C.

J-E

Figure 7.7 presents leakage current density data for the films at three different deposition

temperatures. A measure of the leakage current density for films grown at the three

temperatures of 150 ◦C, 250 ◦C and 350 ◦C is 9.4×10−4, 6.6×10−4 and 7.4×10−4
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Figure 7.6: Capacitance-voltage measurements for CeO2 films as-deposited for three
deposition temperatures.
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A/cm2 respectively at a field of 0.5 MV/cm. The similarities in the data at voltages

where the films are in strong accumulation (i.e. 0.4 to 0.6 MV/cm) between the different

samples suggest that the changes in the C-V and C-f data are not due to leakage. In

all cases the films were deposited on essentially identical Si wafers with a ∼2 nm native

SiO2 layer and hence should all have the same thickness of interfacial layer. An offset of

between 0.07 and 0.16 MV/cm is noticeable where the curves switch polarity at ∼10−6

A/cm2. This offset is in the opposite direction to that seen in all other measurements

due to the CeO2 samples set being grown on n-type Si rather than p-type. Interestingly,

the offset changes with deposition temperature; the largest offset of +0.16 MV/cm is

seen for the 150 ◦C sample. Deconvoluting these factors allows the material properties

of the films to be ascertained.

One potential explanation for the different frequency dispersion, or dielectric relaxation,

behaviour observed between the different growth temperatures relates to the different

crystal grain sizes formed at the different growth temperatures. It has been reported

that a decrease in crystal grain size can cause an increase in the dielectric relaxation in
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Figure 7.7: J-E measurements for CeO2 films as-deposited for three deposition tem-
peratures.
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ferroelectric relaxor ceramics; most likely due to increased stress within smaller crystal

grains [144, 145]. In addition to ferroelectric relaxor ceramics it has been reported that

lanthanum-doped zirconium oxide high-κ dielectrics also suffer from a severe dielectric

relaxation as the size of crystalline grains is reduced [146]. With these CeO2 films

the lower crystallite-size specimens suffer a much more severe dielectric relaxation than

those with higher growth temperature and hence higher crystallite size. A reasonable

conclusion is that the physical process behind the relaxation is dominated by the size of

the crystallite grains formed during growth. It is clear that films consisting of smaller

crystallites will contain a larger grain boundary network than one consisting of larger

crystallites. As the polarisability of a dielectric grain is mainly from the surface this could

account for the large increase in capacitance observed in the 150 ◦C sample at 1 kHz

which then reduces with frequency due to the dielectric relaxation effects. It is apparent

that the crystallite size increases over the temperature range 150 ◦C to 350 ◦C and hence

the grain boundary network reduces. Grain boundaries are a well established source of

leakage current pathways and consequently films with a smaller grain boundary surface

area (e.g. larger average crystallite size) are expected to display lower leakage current

densities in films of comparable thicknesses. In these samples the variation in leakage

between samples is not very different but the leakage current density is relatively high

in comparison with other crystalline hafnium oxide based dielectric materials measured

under comparable conditions.

C-f

Figure 7.8 is capacitance-frequency measurements for specimens grown at 150 ◦C and

350 ◦C. The plot demonstrates significant frequency dispersion for the sample grown at

150 ◦C. There are five reasons which may cause the frequency dispersion observed: (i)

series resistances, (ii) parasitic effects (including back contact imperfection and cables

and connections), (iii) leakage currents, (iv) the interlayer between the high-κ layer and

silicon substrate and (v) a κ value dependence on frequency of the CeO2 film. To obtain

the genuine intrinsic properties and permittivity of the CeO2 dielectric from the CV

measurements the first four effects must be eliminated. The effects of series resistances

and parasitic effects have been reported previously [146]. To minimise the effects of
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Figure 7.8: Capacitance-frequency measurements for CeO2 films as-deposited for the
growth temperatures 150 ◦C and 350 ◦C.

series resistances and back contact imperfections (including contact resistance R, contact

capacitance C, or parasitic R-C coupled in series etc.) aluminium back contacts were

deposited over a large area of the substrate wafer. The same procedure was carried out

for all samples. All samples tested had the same or very similar substrate area (∼2 cm2)

to ensure that the effects of series resistance and back contact imperfections were the

same for all samples. Furthermore measurement cables and connections were kept short

to further minimise parasitic capacitance effects and were the same for all samples.
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7.3 Ce-HfO2

7.3.1 Ce-HfO2 deposition - OpALr

Ce-doped HfO2 films were deposited on the OpALr reactor. The Ce(mmp)4 precursor

was used in conjunction with the (MeCp)2Hf(OMe)(Me) precursor described in the

previous two results chapters, with H2O as the oxidant. Though Ce-HfO2 had been

previously demonstrated by our group [46] the OpAL work offered some more insight into

the materials system. The original Ce-HfO2 paper describes using a solution-Ce(thd)4

precursor as the cerium source. X(thd)4 precursors tend to be very stable compounds

with poor transport and surface mobility. Because of this using the more aggressive

oxidant O3 was necessary. In the growth described here the key differences are that a

solid Ce(mmp)4 precursor was used and that water was the oxidant. This deposition set

up offers a less problematic route to Ce growth, without having to make up precursor

solutions and without the need for an O3 generator. A nominal doping level of 12.5%

(Hf0.875Ce0.125O2) was decided on to try to provide a suitable comparison to our group’s

previous work [46] and to the first principles experiments done by Fisher et al. [147].

Some binary oxide growth experiments served as preparatory work from which to get

an approximate growth rate for each precursor on the OpALr reactor before a doping

strategy could be formed.

Thermal ALD deposition on the OpALr reactor using [Ce(mmp)4] and water proved

to be problematic. Initially the bubbler containing the precursor was heated to 100 ◦C

as that temperature was used in the Aixtron reactor experiments described previously.

At this temperature however negligible growth was recorded. The bubbler temperature

was gradually increased in 5 ◦C increments with a deposition run each time and the

wafer checked for any growth. At 130 ◦C the precursor was found to be transporting

to the chamber and depositing cubic CeO2 - this could be checked routinely by running

Raman measurements similar to those in figure 7.4. This temperature was, however,

very close to the slope in the TGA plot (figure 7.1) that indicated the onset of precur-

sor decomposition. Owing to this the decision was made to establish a reliable growth

rate for the precursor and start the Ce-HfO2 work immediately. Table 7.1 presents the
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Table 7.1: OpALr reactor parameters for depositing Ce(mmp)4 and
(MeCp)2Hf(OMe)(Me) at substrate temperature of 350 ◦C.

Ce(mmp)4 bubbler temp. 130 ◦C

Ar bubbler 200 sccm

Ar purge 100 sccm

pulse 0.05 s

purge 6 s

(MeCp)2Hf(OMe)(Me) bubbler temp. 130 ◦C

Ar bubbler 300 sccm

Ar purge 200 sccm

pulse 3 s

purge 6 s

H2O pulse 20 ms

H2O purge 10 s

parameter settings for optimum deposition of the two component precursors. Both pre-

cursors used a water pulse/purge of 0.02/10 seconds. A stage temperature of 350 ◦C was

decided on as a compromise between the two precursors based on previous growth work

on (MeCp)2Hf(OMe)(Me) and Ce(mmp)4. After some growth experiments and mea-

surements consistent rates for (MeCp)2Hf(OMe)(Me) (∼0.42 Å/cycle) and Ce(mmp)4

(∼0.15 Å/cycle) were arrived at. Grown in a 1:1 ratio this would result in a ratio of

8.4:3, HfO2:CeO2 or a doping of ∼27%Ce in a 1:1 cycle deposition. To control the

doping level of Ce in HfO2 it remained to design supercycles of the correct ratios and

then determine how many of the supercycles to deposit to result in the desired thickness

of film. As the desired dopant percentage was 12.5% Ce the ratio of 5:2 was chosen;

calculated to produce a dopant percentage 12.6% if the growth rates were accurate: 5:2

ratio→41.5:6, 6/47.5=12.6%. To attain different thicknesses it was a case of calculating

a deposition rate for the 5:2 supercycle and deciding on a number of supercycles for

each desired thickness. 5:2 ratio→5(0.42 Å/cycle)+2(0.15 Å/cycle)=2.4 Å/cycle. For

the desired 2 nm, 6 nm and 10 nm films this new deposition rate meant recipes of 8, 25

and 42 supercycles respectively.
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7.3.2 Ce-HfO2 characterisation

XRD

Figure 7.9 presents XRD measurements performed on the nominally 10 nm doped sample

before and after the 500 ◦C and 850 ◦C anneals. The film is amorphous as deposited but

develops features consistent with either cubic or tetragonal crystallinity after annealing.

The cubic/tetragonal ambiguity is due to the XRD features for each polymorph being

extremely similar. A measurement done on an annealed ∼10 nm HfO2 film is included

in the diagram demonstrating the monoclinic features usually seen for hafnium oxide

after annealing at this temperature. The standard anneal temperature set of Ce-HfO2

specimens presented in figure 7.10 shows that this metastable phase is stable in the

material at least up to 1000 ◦C heat treatment.
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Figure 7.9: XRD measurements for Ce-HFO2 films as-deposited and after the 850
◦C/spike and 500 ◦C/30 min anneals; a HfO2 850 ◦C-annealed trace is included for
comparison. The traces’ backgrounds are removed for clarity and one trace has the Si

peak removed (asterisked).
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Figure 7.10: XRD measurements for the Ce-HFO2 films as-deposited, and after stan-
dard anneals at five temperatures. The peak at ∼33 ◦ is from the Si substrate. The
asterisked peak is monoclinic; suggesting some mixed crystallinity at lower annealing

temperatures.

Raman spectroscopy

Raman measurements for the 11%Ce-HfO2 specimen set annealed at in N2 for 30 minutes

at various temperatures are presented in figure 7.11. The traces show the development

of modes which are arrowed in the top curve in a much longer measurement (120 s acqui-

sition time, 5 acquisitions). The peaks seen fall at wavenumber values ∼266, ∼380/390

∼627 ∼673 and ∼740 cm−1. Raman modes are expected at 280, 460 and 656 cm−1

for tetragonal HfO2 [148, 149] but these don’t map convincingly to the lines seen in

figure 7.11. The best match is probably monoclinic HfO2, especially the double peak

at 380/390 cm−1, which along with the asterisked peak seen in the XRD in figure 7.10

suggests the films have mixed crystallinity.
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Figure 7.11: UV Raman measurements for Ce-HfO2 films as-deposited and after
standard anneals at five temperatures. The asterisks denote substrate contributions.

MEIS

Figure 7.12 shows the MEIS energy spectra from the 1–2 nm thick specimen deposited

as-grown. The signatures associated with silicon, cerium and hafnium are highlighted;

the reasoning behind growing a very thin layer was the separation of the Ce and Hf

signatures which are convoluted in thicker specimens. Under these conditions the Ce

and Hf content of the films can be separated. After accounting for elastic and inelastic

energy loss processes the energy spectra can be converted into depth profiles and those

for Ce and Hf are presented in the inset of figure 7.12. The composition of the film was

obtained by integrating the peak areas of the depth profiles and adjusting for the the

difference in relative scattering cross section of the two elements. The composition was

found to be Hf0.89Ce0.11O2. Figure 7.13 shows depth profiles for the hafnium matrix

from the three specimen thicknesses grown. This data shows that the initial growth

rate/supercycle calculations delivered films very close to the desired thicknesses aimed

for, albeit with a slightly lower cerium doping percentage of 11% instead of the aimed-for
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Figure 7.12: MEIS energy spectra for 1-2 nm thick Ce-HfO2 specimen as-deposited;
inset demonstrates Ce:Hf compositional proportion.
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Figure 7.13: MEIS Hf depth profiles for Ce-HfO2 films of three different thicknesses.
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12.5%.

7.3.3 Ce-HfO2 electrical measurements

C-V

Figure 7.14 shows the C-V measurements for Ce-HfO2 films as-grown and after the two

different vacuum anneals. The relative permittivity of the films was taken from the

accumulation capacitance at 100 kHz assuming a ∼2 nm SiO2 interlayer. The κ values

extracted from the curves are 21, 26 and 31 for the 850 ◦C, as-grown and 500 ◦C spec-

imens respectively. The 500 ◦C-treated specimen especially demonstrates a significant

improvement in permittivity compared to un-doped HfO2. The plots show that the

molar volume modulation of the metastable phase retention provides a higher κ value

and also that the metastable phase retained in the films was cubic Ce-HfO2 as a higher

κ would have been expected from the tetragonal phase. The Raman measurements of
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Figure 7.14: Capacitance-voltage measurements for Ce-HfO2 films as-deposited and
after the 850 ◦C/spike and 500 ◦C/30 min anneals.
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Figure 7.15: Capacitance-voltage measurements for Ce-HfO2 films as-deposited and
after the 850 ◦C/spike and 500 ◦C/30 min anneals. These samples had a further

forming gas anneal at 350 ◦C for 30 minutes

figure 7.11 that suggested some mixed cubic/tetragonal character were for specimens

annealed at 1000 ◦C and it can’t be assumed that similar crystallographic forms exist

in the samples subjected to electrical assessment. The hysteresis of the curves clearly

increases in width after annealing going from ∼1 V for the as-grown film to ∼2 V and

∼2.5 V for the 850 ◦C and 500 ◦C anneals respectively. The hysteresis is fairly large

in comparison to the other specimens measured using the same methodology. This sug-

gests an increase in trapped oxide charges; specifically as a result of post-deposition heat

treatment. The greater hysteresis in comparison to measurements made on the Ti-HfO2

films in the previous chapter (figures 6.12 and 6.13) demonstrate the higher capacity

for oxide trapped charge in a crystalline film in comparison to an amorphous one. This

indicates that the heat treatment and structural change seen for the Ce-HfO2 films in

this chapter are good conditions for defects to be introduced into the lattice. Figure

7.15 presents C-V measurements for films processed in the same way as in figure 7.14
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but with an additional 350 ◦C forming gas1 anneal performed on the films after the

850 ◦C/spike and 500 ◦C/30 min anneals. The effect of this extra heat treatment is

to dramatically reduce the hysteresis width and V-axis shift previously seen in the Ce-

HfO2 C-V measurements. This type of forming gas treatment has been shown to reduce

the hysteresis and voltage shift in HfO2 film C-V plots by reducing the oxide trapped

and interface charges in the films [150, 151]. Similar hysteresis and passivation has also

been reported for Gd2O3 film on Si(100) substrates [152]. The capacitance values also

become more similar after this further heat treatment with κ values extracted from the

curves of 26, 23 and 28 for the 850 ◦C, as-grown and 500 ◦C specimens respectively.

The application of a forming gas anneal can be said to slightly reduce the permittivity

enhancement of this materials system while significantly reducing the C-V evidence of

significant oxide trapped charges in the films.
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Figure 7.16: J-E measurements for Ce0.11Hf0.89O2 films as-deposited and after the
850 ◦C/spike and 500 ◦C/30 min anneals.

1Forming gas is a H2/N2 mixture, the use of which is intended to provide reaction-ready H atoms.
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Current voltage density measurements are shown in figure 7.16. The as-grown spec-

imen has a leakage current density at a field of -1 MV cm−1 of 1.32×10−6 A/cm2. After

the 500 ◦C/30 min and 850 ◦C/spike anneals the leakage current density decreases to

1.34×10−7 A/cm2 and 2.46×10−7 A/cm2 respectively at -1 MV cm−1. The values taken

at -2 MV cm−1 are 2.56×10−5, 3.17×10−7 and 5.94×10−6 for the as-deposited, 500

◦C/30 min and 850 ◦C/spike specimens respectively. These values show an improved

leakage current density for the 500 ◦C/30 min, or ‘gate-last’, type of annealing strategy.

This observation appears to be connected to a difference in the crystallinity between

the slower and faster annealing regimes as can be seen in the difference in the C/T(111)

peaks in the XRD shown in figure 7.9. As with the previous J-E data an offset of -0.2

MV/cm is noticeable where the curve switches polarity at ∼10−9 A/cm2, demonstrating

built-in charge in the MOS test structure.

7.4 Chapter summary

CeO2: Cerium oxide deposition is reported via thermal ALD using [Ce(mmp)4] and wa-

ter as precursors. The films were shown to form a cubic crystalline phase as-deposited

from XRD and Raman data (figures 7.3 and 7.4). Changes in the FWHM widths of

the (111) XRD peak and triply degenerate F2g Raman mode were related to grain size

increase with deposition temperature, as well as a contribution in both related to lattice

strain. C-V measurements performed at 1 MHz resulted in a permittivity of 42 and

25 for the 150 ◦C and 350 ◦C deposition temperatures respectively. C-f measurements

(figure 7.8) demonstrated a large dielectric relaxation in the 150 ◦C deposition temper-

ature specimen from 1 kHz to 1 MHz. This phenomenon is related to the contribution

to capacitance from the larger grain boundary surface area of the smaller-grained 150

◦C sample, and dielectric relaxation of this effect with increasing measurement frequency.

Ce-HfO2: Thermal ALD using (MeCp)2Hf(OMe)(Me), Ce(mmp)4 and water was shown

to be a viable fabrication route for the deposition of Ce-HfO2 films. This is potentially

a preferable manufacturing route to the previous Ce-HfO2 deposition reports that used

O3 as an oxidiser during ALD. Films of composition Ce0.11Hf0.89O2 were deposited and

shown to be amorphous as-deposited. This suggests that the Ce0.11Hf0.89O2 system is
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network modified at the deposition temperature of 350 ◦C as HfO2 has shown to nu-

cleate a predominantly monoclinic crystalline phase at this temperature. After the 850

◦C/spike and 500 ◦C/30 min anneals the films were shown to form a metastable cu-

bic/tetragonal phase from the XRD and Raman measurements in figures 7.9 and 7.11.

The as-deposited and 500 ◦C/30 min annealed samples demonstrated higher permittiv-

ities than undoped HfO2 of 26 and 31 respectively. These improvements are attributed

to a molar volume modulation of the material by the retention of the metastable phase.

The 850 ◦C/spike annealed specimen had a lower permittivity of 21; the sharper XRD

peaks in figure 7.9 suggest the slower anneal attained a better crystallinity than the

spike anneal which may explain the dielectric measurement difference. The leakage cur-

rent density of both types of anneal were lower than the as-deposited sample showing

that despite developing a crystalline form, with grain boundary paths for current, the

permittivity and leakage current density are improved with annealing.





Chapter 8

Comparison and conclusions

8.1 Materials comparison

The specific goal of this thesis was to deposit and analyse thin film ALD materials

based on a HfO2 matrix and achieve a relative improvement in dielectric properties.

Two material systems were produced that demonstrated superior dielectric properties

to undoped HfO2. The two types of addition were shown to contribute differently to

the dielectric properties enhancement via different morphological mechanisms in the

films. Ce was found to be a substitutional addition which enabled the retention of a

metastable, higher-κ phase in the material after heat treatment. Ti was found to act

as a network modifier, promoting the retention of an amorphous structure after heat

treatment. Figures 8.1 and 8.2 sum up the figures of merit for the HfO2-based materials

systems analysed with the HfO2 values included for reference. Figure 8.1 plots κ val-

ues at 100 kHz for the Ti0.1Hf0.9O2, Ti0.5Hf0.5O2 and Ce0.11Hf0.89O2 systems split into

post-deposition treatment columns. The box in the top left corner contains the materi-

al/treatment combinations that have resulted in significant permittivity improvements

compared to un-doped HfO2. These are the Ce0.11Hf0.89O2 material, which is amorphous

as-deposited and has cubic/tetragonal crystallinity after annealing, and the Ti0.5Hf0.5O2

material which demonstrated an amorphous structure as-deposited and after annealing.

The dielectric improvements are attributed to molar volume modulation in the former

case and the effect of combining HfO2 with a high proportion of a highly polarisable

127
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Figure 8.1: κ values at 100 kHz for the HfO2-based materials covered in this thesis.

addition in the latter. Incorporating 10% Ti in a HfO2 matrix has been shown not to

make an improvement on the dielectric properties of un-doped HfO2.

Figure 8.2 summarises leakage current density measurements for the same material-

s/heat treatments as in figure 8.1 taken at -1 MV/cm. This shows that the materials

with impressive κ values named above also demonstrated excellent leakage current den-

sity values after the 500 ◦C/30 min annealing regime. The Ce0.11Hf0.89O2 sample also

shows a low leakage current density after the 850 ◦C/spike anneal, with the Ti0.5Hf0.5O2

material showing an order of magnitude higher leakage current density after this treat-

ment. The reason for this difference is unclear and it was not possible to produce a

TEM specimen to closely examine the physical structure of the Ti0.5Hf0.5O2 material

after it had been subjected to the faster, higher temperature heat treatment. All J-E

plots demonstrated an offset of around -0.2 MV/cm; with an opposite offset seen for the

CeO2 specimens fabricated on n-type substrates. One likely cause of the general offset

seen for most of the samples is the work function difference between the doped substrates
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Figure 8.2: Current density measurements at -1 MV/cm for the HfO2-based materials
covered in this thesis.

and the gold contacts used in the MOS test structures. The change in offset seen for

the CeO2 samples is interesting as it occurs for the same material with different growth

temperature and therefore different grain size and crystallinity. Similarly, the slight dif-

ference in this offset highlighted for the 10/50%Ti additions to HfO2 show that some

built-in charge is related to the change in crystallinity between these two specimen sets.

The post-deposition anneals appeared to have no effect on these offsets. The C-V plot

all demonstrated a large hysteresis; this was especially prevalent in the Ce0.11Hf0.89O2

material. An additional forming gas anneal was found to alleviate the effect by reducing

the oxide trapped and interfacial charges present in the specimens.
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8.2 Main conclusions

These observations lead to the following conclusions:

1) the Ti0.5Hf0.5O2 and Ce0.11Hf0.89O2 materials, or similar compositions, are promising

high-κ candidates for the next iteration of nanotransistors;

2) the 500 ◦C/30 minute annealing regime, which mimics the ‘gate-last’ manufacturing

approach, has resulted in superior dielectric response, and leakage current density, to

the 850 ◦C/spike anneal;

3) thermal ALD with advance precursors and water is a viable deposition technology to

produce ternary dielectric oxide that improve on the properties of HfO2;

4) amorphous and polycrystalline dielectric film options exist which deliver superior

capacitance density along with acceptable leakage current density in comparison with

HfO2.

8.3 Further research opportunities

As the fabrication industry tend to report that a “hafnium based high-κ dielectric”

are used in the latest high volume CMOS production [5] only speculation on the ma-

terials system used is possible. What can be said is that alongside 193 nm immersion

photolithography, ALD hafnium based dielectrics represent the state of the art in fab-

rication technology. The successful materials systems developed in this thesis might

demonstrate further progression that can be attained from the planar or Trigate-type

transistor formats by way of higher capacitance density materials that can be used to

prevent excessive leakage current density in the devices. An ALD solution is likely to be

popular for the next technology node iteration being that full scale transistor fabs have

adopted the technology. The industry switch to HfO2 was a sea change in manufac-

turing, but still a stop-gap in the continuation of logic devices that demonstrate better
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performance with each iteration. There are several areas in which future improvements

could be made to the thin film dielectric using the HfO2/metal gate fabrication switch

as a springboard.

New materials development. Whichever hafnium based material is currently used,

it is likely that more functionality can be gleaned from the system via a number of

modifications. If the current system is a hafnium nitride then the employment of one

of the addition elements summarised in chapter 2, or one of the materials developed

in this work, could further develop the thin film dielectric from the current situation.

Whichever ALD materials system is utilised, there are opportunities to develop new pre-

cursors that deliver conformal films with a very low defect concentration. Additionally

there is the option of moving into a completely new material such as La2O3 [153] if its

instability in air and hydroscopic nature could be circumnavigated. Experiments with

precursors to deposit rare earth oxides might lead to solutions if the new materials can

deliver properties that make another shift in manufacturing worthwhile [154]. Addition-

ally the use of a germanium [155] or silicon-germanium [156] high mobility channel could

be a way of improving device characteristics.

New device geometries. While the Trigate device maintains a quasi-planar geometry

to be compatible with current manufacturing set ups, another avenue to enhanced device

performance would be a switch to another type of geometry. The Trigate is a compromise

on the idea of a FinFET, the first of which was proposed in 1999 [157]. These devices

suppress short channel effects by utilising an ultra-thin Si channel capped with SiO2,

with a polycrystalline SiGe source and drain. Work on advancements to that original

silicon-on-insulator design continues to the present day [158]. The concept of reducing

the sub-threshold device performance, important in low power applications, has also

opened up the idea of transistor structures that make use of ‘negative capacitance’. The

idea here is an effectively negative capacitance from the unstable field/polarisation of

a ferroelectric material, stabilised by using the ferroelectric in tandem with a dielectric

[159].
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