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Preface

The semiconductor industry’s urge towards faster, smaller and cheaper

integrated circuits has lead the industry to smaller node devices. The in-

tegrated circuits that are now under volume production belong to 22 nm

and 14 nm technology nodes. In 2007 the 45 nm technology came with

the revolutionary high-κ/metal gate structure. 22 nm technology utilizes

fully depleted tri-gate transistor structure. The 14 nm technology is a

continuation of the 22 nm technology. Intel is using second generation

tri-gate technology in 14 nm devices. After 14 nm, the semiconductor in-

dustry is expected to continue the scaling with 10 nm devices followed by

7 nm. Recently, IBM has announced successful production of 7 nm node

test chips. This is the fashion how nanoelectronics industry is proceeding

with its scaling trend.

For the present node of technologies selective deposition and selective re-

moval of the materials are required. Atomic layer deposition and the

atomic layer etching are the respective techniques used for selective de-

position and selective removal. Atomic layer deposition still remains as

a futuristic manufacturing approach that deposits materials and films in

exact places. In addition to the nano/microelectronics industry, ALD is

also widening its application areas and acceptance. The usage of ALD

equipments in industry exhibits a diversification trend. With this trend,

large area, batch processing, particle ALD and plasma enhanced like ALD

equipments are becoming prominent in industrial applications. In this

work, the development of an atomic layer deposition tool with microwave

plasma capability is described, which is affordable even for lightly funded

research labs.

The report starts with a brief introduction about the atomic layer de-

position tool and its operational procedure. The importance of ALD in

depositing high-κ dielectric thin films and the microelectronics scenario
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with the role of high-κ materials is also briefed.

The design and fabrication of microwave plasma assisted atomic layer de-

position system is explained in the second chapter. The components of

the system and their functions are also mentioned. The system was opti-

mized with deposition of Al2O3 thin films.

In the third chapter a detailed account of plasma assisted atomic layer

deposition of Al2O3 thin films done at different substrate temperature, us-

ing two different ALD systems is presented. One is the home made ALD

system and other one is a commercial ALD unit. The Al2O3 thin films

were characterized as a gate dielectric candidate material. The physical

properties were measured and analysed together with electrical ones. The

electrical characterizations mainly include the oxide and interface charge

studies.

Al2O3 thin films were prepared in the conventional thermal ALD mode

also using the home made and commercial systems and a comparison of

their properties is attempted. A detailed description of these studies is

presented in chapter four.

Fifth chapter is about deposition and characterisation of HfZrO2 thin films

prepared with plasma assisted ALD. A trial was made to stabilise the

tetragonal phase in HfZrO2 thin films which helps to improve the dielec-

tric constant. Further studies are required for establishing an optimized

process. The work is summarised and a few notes on future possibilities

are given in sixth chapter.
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Chapter 1

ALD, high-k dielectrics and

their role in microelectronic

scaling

1.1 Introduction

Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) are the

basic units of around 90% of the electronic devices that we are using today.

Figure 1.1 shows the basic structure of a MOSFET, in which the Metal

Oxide Semiconductor (MOS) part can be considered as the heart of the

MOSFET. Metal Insulator Semiconductor (MIS) is the most correct ter-

minology to represent this kind of devices. The conventionally used MOS

terminology came from the silicon/silicon dioxide, semiconductor/insula-

tor system which predominated for around five decades. This thesis deals

with Atomic Layer Deposition (ALD) of oxide layers for MOSFET ap-

plication and their characterizations. An atomic layer deposition system

1
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GATE

Source Drain

Si substrate

Dielectric

Figure 1.1: Schematic representation of a planar MOSFET

was developed for the deposition of oxide layers. Presently the major ap-

plication area of ALD thin films is the semiconductor devices which are

ever diminishing in their size. But its applications are never limited; it is

still a fast developing method for thin film deposition.

1.2 Atomic layer deposition

Atomic layer deposition is a unique chemical process that yields ultra thin

film coatings with exceptional conformality even on highly non-uniform

and non-planar surfaces, often with subnanometer scale control of the

coating thickness [1]. The history of ALD starts with independent works

done by research group of Prof. Aleskovskii in USSR in 1960s and by

Dr. Suntola and co workers in Finland in 1970s [2]. The most acknowl-

edged history of ALD is the work done by Dr. Suntola’s group and a

patent based on their work in 1970s [3]. The involvement of complicated

surface chemistry hindered the growth of ALD upto the early 1990s. In

mid 1990s, the rapidly increased interest towards ALD was originated

from the silicon based microelectronics [4]. Gradually ALD became a

matured deposition technique and consequently several application ar-

eas were evolved. Now ALD can be used for developing complex shaped
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nanostructures, surface modification of hybrid nanostructures with high

aspect ratio [5] and in functionalizing nanomaterials [6]. High tempera-

ture lubricious oxide coating is an example of mechanical application of

ALD [7]. In electronics, besides the CMOS, ALD is used in solar cell sur-

face passivation, non-volatile memory devices and in energy storage [8, 9].

In essence, now ALD is the standard nanofilm deposition technique for

various industries, including but not limited to electronics, optics, energy,

chemical, mechanical and biological. Figure 1.2 shows the first commercial

application that utilized ALD. It is the flight information board installed

at Helsinki-Vantaa airport in 1983. The display board was manufactured

by Lohja corp. ALD market is expected to grow at a CAGR (Compound

Annual Growth Rate) of 36.10% from 2013 to 2018; for a comparison the

expected CAGR for CVD is 11.43% and that for crystalline silicon solar

cell market is 7.82% [10]. In semiconductor industry ALD market is going

to overtake the broader equipment market. Figure 1.3 shows the spending

by wafer fabs for equipments required for different nodes over the years

and it is clear that the spending for smaller nodes becomes prominent in

forthcoming years [11].

ALD can be considered as a cyclic repetition of self terminated gas-solid

reactions implemented during the alternate pulsing of reactive precursors.

This self terminative nature of the alternate chemical reactions plays a key

role in imparting its peculiarities to ALD. The ALD of a binary material

involves the following four steps:

(1) Self terminated reaction of the first gas phase precursor with the solid

substrate.

(2) Purging out of the un-reacted precursor and reaction by-products ei-

ther using an inert gas purge or by evacuation.

(3) A self terminated reaction of the second gas precursor over the presently

saturated surface.

(4) Purge out of the reaction chamber.
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Figure 1.2: The first commercial application utilizing ALD: The
flight information display by Lohja Corp. Display Electronics Divi-

sion installed at Helsinki-Vantaa airport in 1983. [12]
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Figure 1.3: Spending by wafer fabs for equipments belongs to differ-
ent nodes.
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Figure 1.4: Schematic representation of different steps in ALD of
Al2O3 using trimethylaluminum and water.

The different steps in a deposition cycle for ALD of Al2O3 using trimethy-

laluminum and water can be represented pictorially as shown in figure 1.4

[13]. During a precursor exposure step, the precursor molecules can either

react or chemisorb on the substrate surface depending on the substrate

and precursor chemistry. The extent of chemisorption or surface reaction

would depend on the availability of surface states. The purging can ex-

pel the unwanted reaction possibilities. The amount of material deposited

during each reaction cycle is known as Growth Per Cycle (GPC). In earlier

days, the concept of ALD window was a common idea used to represent

the surface saturating nature of ALD. The self limiting nature of ALD

is usually attained by careful selection of the precursors and by control

over the process temperature. The range of temperature for which the

growth per cycle of the ALD process remains invariant with respect to

temperature is known as the ALD window for that process. It is difficult

to establish a clear ALD window for certain process like ternary ALD and

processes involving organic/inorganic hybrid films and hence the repre-

sentation is no far frequent. ALD can be considered as a modified version

of Chemical Vapour Deposition (CVD). In CVD, gas phase reaction prod-

ucts are deposited on to a suitable substrate surface. Comparing to the

CVD counterpart, the ALD processing window is often wide. Figure 1.5

shows the ALD window for a binary ALD process. If the temperature
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Figure 1.5: The concept of ALD window-The region independent of
temperature.

is lower than the ALD window, then there is a chance of more than one

monolayer deposition due to condensation of the precursors or there is a

chance of forming un-saturated surface, because of insufficient precursor

activation. At too high temperatures there are possibilities of precursor

decomposition and desorption from the adsorbed ALD layer.

1.2.1 ALD precursors

Successful design of an ALD process will also depend on the selection of

precursors. For each and every application level chemical selection, there

should be some basic criteria like cost effectiveness, ease of production,

eco-friendliness and non-toxicity. In addition to these basic requirements

ALD precursors have some extra requirements as follows. An ALD pre-

cursor should be volatile and should have sufficient vapour pressure at

a minimum temperature. A vapour pressure of atleast 0.1 Torr at the

applicable maximum source temperature is preferred for research level

systems [14]. Higher source temperature requirement will affect the cost

effectiveness and a deficiency in vapour pressure will result in unsatura-

tion. The precursor is expected to be aggressive in its reaction. Only an
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aggressive reactant can complete the surface saturation in a short time.

The precursor ligands should be small so that maximum surface states can

participate in the reaction. The by products produced during the surface

reactions should need to be un-reactive and should leave the deposition

pristine.

1.2.2 ALD reactors

Initial ALD systems were CVD chambers with associated rapid switching

valves. Due to large volume of CVD chambers this kind of ALD systems

were highly inefficient as they cause large chemical loss and excess time.

Together with the increasing application areas, the ALD technique has

improved a lot and is now a matured process. Equipments and processes

that operate in a near saturation mode by utilizing a little parasitic CVD

are also available in the market now. This type of processes will provide

better efficiency without compromising film quality [15]. The mere addi-

tion of rapid valves to a CVD process does not ensure an ALD process.

The ALD process need to satisfy the stringent condition of surface sat-

urated growth with a stabilized growth per cycle. A surface saturated

growth still requires the control of substrate temperature and sufficient

vapour pressure of the precursor in the chamber. The precursor chemistry

also need to be good enough. Every ALD system should have (a) process

and purge gas control unit, (b) deposition or reaction chamber and (c)

exhaust unit. To get a uniform film thickness it is desirable to have a

chamber design with uniform gas distribution throughout the deposition

area. The precursor and purge gas control unit will handle the fast se-

quential pulsing of the precursors and carrier gas. Actual ALD reaction

takes place on the substrate surface. The exhaust unit will manage the

chamber pressure and gas flow control.

Several different classification schemes of atomic layer deposition systems
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are mentioned in the literature. Based on purge out mechanism Reactors

can be classified as evacuation type and flow type. Cross flow type and

top injection type ALD systems differ in their gas feed direction to the

ALD chamber. Based on the method of achieving saturation, ALD sys-

tems are classified as open, close, semi-open and semi-close.

1.2.3 Advantages and disadvantages

The possibilities opened up by ALD technology are unavoidable to any

application area which requires some kind of thin films. Currently the

major application areas for ALD are semiconductor industry, microelec-

tronics, electroluminescent displays and magnetic recording heads. Still

now, 40 years after the invention of ALD, the application areas are ex-

panding further. Regardless of the industry or application, it seems that

the same film properties that attracted industry and research over 40

years ago are still valid. The key features of ALD are so unique that it

would be foolish for other industries not to look at ALD as a potential

solution to existing problems or hurdles they face in the development of

next generation devices [16].

As the growth per cycle is limited by the substrate surface, ALD film

thickness depends only on the number of cycles. So the thickness control

in ALD is simple and precise. Conformal is a major peculiarity of ALD

and conformal coating is possible even in high aspect ratio structures. In

Physical Vapor Deposition (PVD) methods conformality is restricted by

line of sight deposition and in CVD an initial excess growth at the open-

ing of a high aspect ratio structure can limit the further deposition to

deep trenches. But ALD is a non line of sight method with self saturated

deposition cycles.

Uniformity of the films is another direct consequence of self saturated



Chapter 1. ALD, High-k dielectrics and their role in... 9

growth mechanism. A sufficient gas flow is the mandatory condition to

get a uniform film. ALD is a deposition technique with large area and

batch processing capability and excellent reproducibility.

In ALD the deposition of multilayer thin films is a straight forward pro-

cess. Separate dosing of the precursors prevents gas phase reactions, which

allows the use of highly reactive precursors and gives enough time for each

reaction step to reach completion. This results in the deposition of pure

films at relatively low temperatures. The ALD processing window is often

wide, which makes the process insensitive to small changes in tempera-

ture and precursor flows and allows the processing of different materials

to multilayer structures in a continuous process [17].

The major limitation of the ALD process is its slowness; only a fraction

of a monolayer is deposited per cycle in many ALD processes. Typical

reaction rates for lab reactors is usually <2 nm/minute [18]. Utilization of

the large area and batch processing capabilities as well the thinness of the

films required for many future applications together make the slowness in-

significant. Another disadvantage of ALD is its stringent requirements on

precursor chemistry, which is an active research area and the researchers

have already developed precursors for most of the industrially relevant

elements.

1.3 Prospects of plasma assisted ALD

Plasma assisted ALD (PALD) is an energy enhanced variant of conven-

tional thermal ALD. In plasma assisted ALD, energetic species arising

out of plasma is used as one of the precursor. Plasma can be considered

as a collection of free charged particles moving randomly and the collec-

tion as a whole would be electrically neutral. Plasmas used in thin film
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Figure 1.6: A histogram showing accepted plasma ALD publications
in 2014 and first half of 2015 [20].

deposition and material processing are usually plasma discharges with a

lower degree of ionization; weakly ionized plasma is a common term used

to represent them. The plasma assisted ALD is also known as plasma

enhanced ALD or radical enhanced ALD. Typical plasmas used during

plasma assisted ALD are those generated by O2, N2 and H2 reactant

gases or combinations thereof. Such plasmas can replace ligand-exchange

reactions typical of H2O or NH3 and they can be employed to deposit

metal oxides, metal nitrides and metal films [19]. Figure 1.6 shows a

histogram of plasma ALD publications accepted in 2014 and first half of

2015. In comparing with 2014 we can find a 120% growth for plasma ALD

publications [20]. The commonly used plasmas in thin film and material

processing are the Direct Coupled (DC) discharges, inductively coupled

and capacitively coupled Radio Frequency (RF) plasma and Microwave
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plasma with or without Electron Cyclotron Resonance (ECR). Figure 1.7

shows the energy and density of different kind of laboratory and space

plasmas. The plasma assisted ALD have a number of advantages over the

conventional ALD. (1) Plasma ALD films are found to exhibit improved

properties for certain applications [21–28]. (2) The plasma species are

highly reactive and hence the deposition is possible at relatively lower

temperature [19, 29–31]. (3) A wide choice of substrates and precursors

are possible with plasma assisted ALD [19, 32–34]. (4) Increased growth

rate is possible with plasma assisted deposition [35–40]. (5) In plasma as-

sisted ALD there are possibilities for more versatile processes. The plasma

can be used for substrate treatments, treatments of film after deposition

and for cleaning etc [19]. (6) Additional variables like plasma parameters

are available for more control over the depositing film.

1.4 Microelectronic scaling

Soon after Bardeen, Brattain, and Shockley invented a solid-state device-

Bipolar junction transistor- in 1947 to replace electron vacuum tubes, the

microelectronics industry and a revolution started. Since its birth, the

industry has experienced four decades of unprecedented explosive growth

driven by two factors: Noyce and Kilby invented the planar integrated

circuit and the advantageous characteristics that resulted from scaling

(shrinking) solid-state devices [42]. The scaling of microelectronic devices

has followed a trend predicted by Gordon E. Moore, the co-founder of

Intel. The down scaling will integrate more functionality to a device

and hence the cost per function and power consumption will reduce and

performance will increase. So the industry with latest technology will get

better market share. The brilliant prediction made by Gordon E. Moore
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Figure 1.7: Space and laboratory plasmas on a density (n) vs electron
temperature (Te) diagram [41].

in 1965 (six years after the first commercial transistor) has now been

termed as Moore′s law. According to Moore, the number of components

in an integrated circuit will undergo an exponential increase so that it will

be doubled every year [43]. A decade after the initial prediction, in 1975

he revisited the prediction and changed the trend from doubling every

year to doubling every two years [44]. The industry followed the new

Moore′s Law trend throughout the 1980s and early 1990s [45]. National

Technology Raodmap for Semiconductors (NTRS) was formulated in 1994

by semiconductor association to make industry standard roadmap for the

future semiconductor scaling and related trends. In 1999, NTRS became

International Technology Roadmap for Semiconductors (ITRS) and is now

setting the roadmap and renewing it periodically.
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Figure 1.8: Trend of downsizing of MOS devices as predicted by SIA
in ITRS 2013. [47]

The transistor scaling period can be broadly divided into two regimes:

the classical scaling era or Dennard era and the modern era. In Dennard

era the scaling was according to Dennard’s classical paper [46], in which

he and co-authors presented the scaling relationships which show how a

MOSFET can be reduced in size. If we reduce all the dimensions of a

MOSFET by a scaling factor we will get a power reduction as square of

the scale factor. According to them the performance improvement can be

represented by,

Id =
W

L
µCox(Vg − Vt)2 (1.1)

where Id is the drain current, W and L are the channel width and length,

µ is the mobility, Cox is the gate oxide capacitance and Vg and Vt are the

gate and gate threshold voltages.

The Dennard era was upto the initial few years of 2000, after that the

channel scaling was limited by the lithographic limitations. It is required
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to have a higher doping density in the channel with reduced channel

length. This will result in increased ionized impurity scattering and hence

mobility became less. By this time, the gate oxide had also reached its

scaling limit as it became few atomic layer thick in the 130 nm and 90

nm technologies. i.e, All the basic aspects of the Dennard scaling became

under threat in a period between 2000 to 2005. The industry was able to

manage the situation and started the modern era of scaling using some

non-conventional techniques. The scaling was continued as per Moore.

The atomic layer deposition and the high-κ dielectrics are the two major

tools which enable the modern era scaling.

In 2007, Intel Corporation brought a revolutionary change by introducing

High-k/metal gate devices (45 nm) instead of the conventional SiO2/poly

Silicon devices. This enabled the industry to remain at the planar MOS

technology upto 32 nm feature size devices. At 22 nm device technol-

ogy (2011), 3D transistors were introduced again by the Intel, based on

an original idea from Thoshiba Corporation. These 3D devices together

with the high-k and metal gate are expected to stand for ten more years.

It was expected that the 2D scaling will reach the fundamental limit to-

wards the end of 2013 ITRS period. Figure 1.8 shows the gate length

downsizing trend of MOS devices as predicted by the 2013 ITRS. Figure

1.9 shows a calculated scaling trend for equivalent oxide thickness (EOT),

a term used to represent the gate oxide thickness reduction, supply volt-

age (VDD) and oxide electric field. The 2013 ITRS had suggested extend-

ing the functionality of the CMOS platform via heterogenious integration

of new technologies and devices supporting new information processing

paradigms as future technologies [48]. Shortly, in CMOS scaling and in

”more than Moore” devices ALD technique and high-κ dielectrics will

play a crucial role atleast for the next decade.
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Figure 1.9: Predicted trends of gate oxide EOT and supply voltage,
VDD, scaling for the technology node in the coming decade. Oxide
electric fields are calculated based on the physical thickness of gate

oxide and VDD as predicted by ITRS 2013. [47]

1.5 High-k dielectrics

A fundamental aspect of silicon technology is the fortuitous nature of sil-

icon as a material, which can be reacted with oxygen or nitrogen in a

controlled manner to form superb insulators with excellent mechanical,

electrical and dielectric properties [49]. As stated in the very beginning

of this thesis MOS capacitor (MOScap) is the heart of MOSFET. MOS-

FET’s are the basic building blocks of Integrated Circuits (IC) and most

of the electronic devices. MOSFET is a lateral device, so it provides a

large room for dimensional scaling. It was foreseen that with continu-

ous scaling of the semiconductor electronics, around mid 2000, the silicon

based insulator could reach a scaling limit. As the silicon based dielectric
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reached a few atom thick and leakage current due to tunneling through the

material touched unacceptable levels, the industry was confronted with a

huge technical problem. The replacement of the silicon based dielectric

with a material having higher dielectric constant has emerged as a poten-

tial solution. Gradually the terminology ’high-κ’ became accepted in the

semiconductor community to represent dielectric materials with dielectric

constant greater than that of SiO2. The dielectric constant for SiO2 is

3.9. In the year 2007 Intel commercialized Integrated Circuits (IC) made

of high-κ materials.

The high-κ materials can provide a higher physical thickness and an elec-

trical thickness similar to SiO2. So the higher physical thickness of high-κ

material will reduce the tunneling and reliability issues. At the same time

it will give electrical performance similar to scaled SiO2. The excess scal-

ing possible by use of high-κ material is usually represented by Equivalent

Oxide Thickness (EOT) or by Capacitance Equivalent Thickness (CET).

The CET can be calculated as follows

CET =
κε0

Cacc
(1.2)

where Cacc is the accumilation capacitance per uni area, κ is the dielectric

constant of SiO2 and ε0 is the vacuum permittivity. The term EOT repre-

sents the reduced theoretical thickness of SiO2 that is required to achieve

the same capacitance density provided by the high-k dielectric. EOT can

be calculated as follows

EOT =
κSiO2

κhigh−k
× thigh−k (1.3)

where thigh−κ and κhigh−κ are the thickness and dielectric constant of the

high-κ material respectively. κSiO2 is the dielectric constant of SiO2. From

CET, we can reach EOT by applying a quantum mechanical correction
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(QMcorr),

EOT = CET −QMcorr. (1.4)

Usually the quantum mechanical correction is approximately 0.3 - 0.4 nm

[50]. The silicon based dielectric in a MOSFET had a huge list of advan-

tages both in properties and in process compatibility. So a replacing ma-

terial need to satisfy a number requirements those were initially believed

as hard-to-attain [51]. The dielectric constant of the material should be

high enough to get sufficient capacitance density. The hike in the dielec-

tric constant should not be by sacrificing the band offset requirements of

the material with silicon and the electrode. A band offset less than 1.5

eV with silicon will lead to unacceptable leakage currents. A material

that react with silicon at semiconductor processing temperatures can not

be accepted as the gate dielectric; so thermodynamic stability with sili-

con should be maintained. However the quality of interface between any

dielectric and silicon will never be upto Si/SiO2 interface. An interface

state density of 1012 cm−2 or less is required. At a first sight itself, it was

clear that polycrystalline and crystalline material will add some leakage

current but amorphous materials should be fine for the purpose. Also the

fabrication process should match the existing fab facilities so that they

can be adopted in a cost effective manner. The reliability of the material

as such and in the structure should be acceptable [52].

Atomic layer deposition rendered the semiconductor industry to attain

the high-k requirements. High dielectric constant insulators were the first

semiconductor related application for ALD. The success of the process

for such a critical layer has established ALD as a manufacturing worthy

process. It has opened interest in the use of ALD for several other ap-

plications in semiconductor manufacturing where thickness, conformality,

and/or interface control are key criteria [53].
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1.6 Objectives of the thesis

Atomic layer deposition is identified as the method of deposition of high-

k dielectric layers for MOSFETs and has a number of other important

applications in nano scale device fabrication. Even the research level

atomic layer deposition systems by any industry with basic features will

cost at least rupees one crore. That means atomic layer deposition is a

tool affordable only by highly funded labs. Our primary aim is to make

a low cost atomic layer deposition system and its process optimization.

The present work tries to explore microwave plasma assisted ALD as a low

thermal budget alternative to conventional ALD. The microwave plasma

can give a reasonably good density of plasma species. The ALD process is

optimized for High-κ dielectric thin films for research level applications,

especially Al2O3 films deposited via plasma assisted mode of ALD and

conventional thermal mode ALD. The MOS structure fabrication and

characterization will enable to optimize the deposited films. Attempt

is made to study the system feasibility by comparing the quality of the

deposited films with depositions done in well established industry made

ALD system. The deposition of higher-κ HfZrO2 dielectric material and

their characterization is an another objective of this thesis.



Chapter 2

Microwave plasma assisted

ALD: System and process

development

In contrast to conventional thermal ALD, at least one of the precursor

is a chemically active plasma in plasma assisted ALD. In general the

plasma should be a weakly ionized one, having the following features: (1)

they are driven electrically, (2) charged particle collisions with neutral gas

molecules are important, (3) there are boundaries at which surface losses

are important, (4) ionization of neutrals sustains the plasma in the steady

state and (5) the electrons are not in thermal equilibrium with the ions

[41]. The ionized nature of plasma can create a reactive atmosphere even

at low temperatures. The inclusion of plasma to any ALD process will

add functional diversity to the process. Plasma assisted ALD usually has

a higher growth per cycle especially at low temperatures.

19
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2.1 ALD System: Varients and classifica-

tions

Atomic layer deposition is a true nanotechnology allowing ultra-thin films

of a few nanometres to be deposited in a precisely controlled way. There

are two defining characteristics for atomic layer deposition: Self-limiting

atomic layer-by-layer growth and higher conformality of the coating [54].

The concept of ALD has widened to new and improved formats and one

of the common variant of atomic layer deposition is the energy enhanced

ALD. The most common form of energy enhanced ALD is the plasma as-

sisted ALD. The plasma enhanced ALD can be classified further as direct

plasma ALD (using either DC plasma or capacitively coupled RF plasma)

and remote plasma ALD or radical enhanced ALD (usually inductively

coupled RF plasma or Microwave plasma). Another emerging variant of

ALD is the spatial ALD [55] instead of the usual temporal ALD. The

conventional method of ALD is to pulse the precursors alternatively at

different times. In spatial ALD, the precursors are separated in space

rather than in time. The different precursors are supplied continuously

separated by inert gas flow regions and the substrate is used to move be-

tween the different flow regions. The spatial ALD can generally provide

higher growth rates in comparison with other forms of ALD. The major

difficulties with spatial ALD are the requirement of high vapour pressure

precursors and the deposition of good quality films in a vacuum less envi-

ronment [56]. The ALD particle reactor is another variant of atomic layer

deposition which allows extreme conformal ALD deposition even on nano

powders.

Atomic layer deposition systems can be classified based on the working

pressure of the ALD system as atmospheric pressure ALD, low pressure

ALD and ALD working with moderate vacuum. Since vacuum pumps

are not required, atmospheric pressure ALD systems have an advantage
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of low initial and working cost. The high and moderate vacuum ALD

usually provide better quality thin films in comparison with atmospheric

pressure ALD process.

Another common classification of ALD system is based on the gas flow

to achieve the saturation. It can be open, close, semi-open or semi-close.

In an open system each reactant molecule hits the substrate surface only

once. So the beam of reactant pulse should be sufficient for saturation of

the whole surface. In a closed system each reactant molecule either makes

a permanent bond with a surface or continues to hit the surface until a

permanent bond is formed [57]. Usually closed systems will be of hot wall

type.

Evacuation type and flow type ALD reactors are available in the market.

The radical enhanced type reactors are usually evacuation type and most

of thermal reactors are flow type [58]. In an evacuation type reactor, the

purge out is done by simple evacuation. The major drawback of evac-

uation type ALD is the longer purge time. The requirement of better

pumping system and large pressure variations during precursor pulsing

are other retreats. In contrast, flow type ALD using some purge gas is

usually operated at medium vacuum and the precursors are pulsed us-

ing a carrier gas. Based on the gas feed direction, ALD reactors can be

classified as cross flow type and top injection type [59]. In a cross flow

reactor the chamber will be like a flow channel with a little bit excess

width and height than the substrate. The gas entering through one side

of this channel will pass over the wafer at a high velocity. The majority

of the gas reaching at the trailing edge of the substrate will be reacted

gas. So there is a chance for insufficient precursor dosage at the trailing

edge. In top injection reactors, there is a possibility of turbulent gas flow

in the system. This will affect the efficiency of the reaction.
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2.2 ALD industry

There are several industrial firms engaged in the production of ALD tools,

which include both established and developing ones. According to the

website of ASM International NV, a key supplier of industrial ALD, ASM

International’s net sales increased 22% driven by their ALD and PALD

products, substantially outperforming the wafer fab equipment market,

which declined 5 to 10% year-over-year up to 2013. This is due to the

fact that, virtually all of the leading players in the logic, foundry and

memory sectors have now adopted PALD in high volume manufacturing.

Picosun is another major ALD system supplier which was started by the

co-workers of Suntola, the inventor of ALD. Beneq is the present name of

Lohja Corporation, who produced the first commercial ALD application,

photograph of which is included in the first chapter. Lohja Corporation,

changed its name to Planar International and now it is Beneq. Cam-

ridge NanoTech was a firm which mainly focussed on research level ALD

systems. Now it is adopted by Ultratech. Sentech, Oxford Instruments,

Kurt J Lesker, Nanomaster and Aixtron are well developed industries

which focus on ALD equipments for research based applications. Now

the industries offer a list diverse and application specific ALD tools.

2.3 Early stage development of plasma as-

sisted ALD

The use of plasma for film deposition has begun with the invention of sput-

tering by Grove in 1852 [60]. Work on plasma ALD, also called plasma-

enhanced ALD or plasma-assisted ALD (PALD), started in 1991 when

De Keijser and Van Opdorp at Philips Research Laboratories reported

the use of plasma during atomic layer epitaxy (ALE) to generate atomic
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hydrogen for GaAs ALE [61, 62]. In this work atomic hydrogen was gener-

ated using microwave source of 2.45 GHz with 200 W power. The plasma

was ON continuously throughout the process but the hydrogen supply to

the reaction chamber was alternative. Instead of hydrogen, helium was

used as the plasma gas for rest of the cycle. The substrate temperature

was also independent of the plasma. Anyhow, it took a long period to

develop PALD after this first work and the field got wide acceptance from

the year 2000 onwards, mainly because of the works done by Rossnagel et

al. at IBM [62, 63]. They prepared tantalum and titanium metal layers

using PALD at a nominal temperature of 250-4000C, compared to the de-

position temperature of its CVD counterpart (8000C). The plasma source

was inductively coupled RF plasma at 13.56 MHz frequency with 300 to

1200 W power. Kim and Rossnagel have conducted a detailed study of

reaction mechanism of plasma assisted titanium growth by ALD using

quartz crystal micro-balance [64]. Soon after the works of Rossnagel, S-M

Kang et. al. came with a solid proof for the usefulness of PALD; they

prepared TaN films with lower resistivity (400 µΩcm) and higher den-

sity in comparison with the thermal ALD TaN (resistivity >20k µΩcm)

[24, 25]. Plamsa ALD was reviewed at the early stage of its development

by Kim, as part of his ALD review in 2003 [65] and pointed out its bene-

fits and shortcomings. The initial developments in PALD were reduction

based metalization processes. PALD of metal oxides and metal nitrides

soon gained attention and the ALD community modified the existing ALD

processes to PALD. A complete revision of PALD is vast and beyond the

scope of this thesis.
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2.4 Design and fabrication of microwave

plasma assisted ALD

Two classification schemes are possible for PALD reactors; first according

to method of plasma production and the second based on the position

of plasma and substrate. Inductively coupled radio frequency plasma is

the most common plasma used in PALD systems [63, 66]. Direct cou-

pled discharges, normal [58] and ECR microwave plasma and capacitively

coupled radio frequency plasma [35, 67, 68] are the other major plasma

sources. A plasma source in PALD can be used either in direct mode

or in remote plasma mode. In direct plasma configuration the plasma

and the substrate surface arein a direct contact. The major advantage of

remote plasma ALD over the direct mode is the limited number of ions

reaching the substrate surface. A higher number of ions can introduce

large defects in the film. The best suited plasma configurations for re-

mote plasma ALD are the inductively coupled RF and microwave based

plasma. The DC and capacitively coupled RF are mainly used for direct

plasma configurations.

The most studied and common plasma configuration in plasma assisted

ALD is the inductively coupled RF plasma. Microwave plasma has the

advantage of higher plasma density in comparison with the RF plasma.

Generally the microwave plasma is less uniform and it is difficult to sus-

tain the microwave plasma during alternate precursor pulsing. There is no

industrial ALD system which utilizes the microwave plasma for ALD op-

eration, but there are few literature reports on research level microwave

plasma assisted ALD systems. In 2005, the group lead by M. Leskela

and M. Rittala of Helsinki University reported metallic copper deposition

using a surface wave microwave plasma assisted atomic layer deposition

system [58]. They utilized the downstream of plasma for making the de-

position remote. In 2007, the same ALD system was used for Tantalum
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oxide deposition in remote plasma configuration [69]. In 2008, Jae-Gun

Park et al. used electron cyclotron resonance (ECR) type microwave

plasma for plasma ALD-Al2O3 on organic substrates [70]. They did the

deposition at room temperature and obtained a growth rate of 2.2 A0 per

cycle. Deposition of Al2O3 thin films by microwave plasma assisted ALD

was done by the group from Tokyo University of Science in 2010 [71] with

a wave guide cavity plasma source. In 2013, Tokyo University of Science

group reported the simultaneous formation of aluminum germanate while

deposition of microwave plasma assisted ALD of Al2O3 on germanium

substrate [72].

Every ALD system should have (a) precursor and purge gas control unit,

(b) deposition or reaction chamber and (c) exhaust unit. Following sec-

tion contains a detailed discussion of each of these unit in our microwave

plasma assisted ALD system.

2.4.1 Precursor and purge gas control system

For successful operation of an ALD process, controlled sequential delivery

of precursors and purge gas is necessary. The gas feed/control system

consists of gas cylinders, precursor sources, mass flow controllers, needle

valves and solenoid valves. Figure 2.1(b) shows the schematic of the gas

feed system used in our ALD. The inert gas line contains a needle valve

(NV1), a mass flow controller (MFC2) and a normally open solenoid valve

(SV3) to control the gas flow. The inert gas line is connected to one side of

the precursor bubbler just after the solenoid valves (SV1 & SV2). In usual

process the inert gas (nitrogen) flow is 100 sccm. There are several differ-

ent possible ways to pulse the precursors: (a) In the case of high vapour

pressure precursor, we can use a simple pulsing method. In this method a

valve connected between the precursor and chamber opens during precur-

sor exposure sequence and delivers the precursor in to the chamber. The
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major draw back of this method is the chance of residual precursors on the

precursor supply lines. Another drawback is the necessity of high vapour

pressure for the precursor. (b) In the second method, a carrier gas is used

for the precursor transportation. Solenoid valves for admitting carrier gas

to precursor bubbler and the precursor delivery valve (valve on chamber

side of the bubbler) are operated simultaneously. This method can also be

used for low vapour pressure precursors. The second method is more com-

plicated than the first one and still there is a chance of precursor residue.

(c) As an extension of the second method, the precursor can be pressur-

ized using short carrier pulse before opening precursor outlet valve. This

will enable the use of precursors with very low vapour pressure. (d) Third

method uses one inert gas valve between the precursor delivery valve and

the reactor. The flow of inert gas will be zero during precursor pulse and

then the inert gas valve opens and helps the complete purging of the lines.

In our system, inert gas line is connected to the precursor lines just after

the precursor pulsing solenoid valves for effective complete purging out

of the precursor gases in a simple manner (Figure 2.1(b)). The inert gas

flow is maintained continuously and it acts as both carrier and purge gas.

We utilized two different arrangements for the thermal and plasma ALD

process. During plasma ALD the gas line configuration is different at the

chamber side. The first precursor and the plasma gas are fed separately

to the chamber (Figure 2.1(b)).

Since mass flow controllers used in our system have a slow response time,

maintaining a steady gas flow rate and hence plasma are little bit tricky.

The required oxygen flow during plasma cycle is 50 sccm. For maintaining

50 sccm, the MFC1 in figure 2.1(b) is set to a lower value than 50 sccm

which fills a gas tank at cycles other than the plasma cycle. The MFC1

flow and the tank pressure were adjusted to get a constant flow after the

initial burst on opening the solenoid valve (SV3). The plasma strikes only
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Figure 2.1: Schematic of the precursor bubbler and gas control lines
for home made microwave plasma assisted ALD system

Figure 2.2: Photograph of ALD sequence controller.

after stabilization of the flow.

Figure 2.1(a) is schematic of the precursor bubbler. The chemical con-

tainer of the bubbler is made of glass and stainless steel 316. The bubble

gas entry line is kept closed. For Al2O3 deposition using trimethylalu-

minum (TMA), the TMA has a high enough vapour pressure and does

not require bubbling. The capillary rise of TMA to the gas inlet tube and

its bubbling back to the container is beneficial to get sufficient vapour

pressure. In the present experiment TMA was kept at room temperature

and the TMA precursor line at 1000C to avoid precursor condensation.

The entire gas control unit is interfaced to a personal computer using
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a home made electronics circuitry (ALD sequential controller), a photo-

graph of which is shown in figure 2.2. The control is carried out using

visual basic software. The solenoid valves used are low temperature ones

and hence a regular periodic cleaning of the valves is necessary. Solenoid

valves with short response time will help to avoid the chemical loss and

they can provide better process efficiency (in terms of time). Similarly

mass flow controllers with fast response are required. The use of 3/2

solenoid valves (for precursor and purge gas) can ensure complete precur-

sor purge out. If there is a 3/2 solenoid valve together with a stop valve

in precursor line, we can purge out the solenoid valve after the process.

This will help to keep the solenoid valve intact.

2.4.2 ALD reactor

The ALD reactor contains the microwave plasma unit and a reaction

chamber equipped with movable substrate holder with heater, exhaust

port, view port and provision for insitu monitoring and characterization.

The design of the chamber allows a laminar flow of gas through it. A

schematic representation of the present ALD reactor is shown in figure

2.3. The substrate holder is able to hold wafers upto 2 inch diameter. It

has a built in heater and a thermocouple attached to it. An additional

thermocouple was inserted in to the chamber for measuring the temper-

ature above substrate surface. The maximum possible temperature at

the substrate surface is 5000C. The substrate holder was inserted in to

the chamber through a wilson seal like arrangement. The height of the

substrate holder inside the chamber can be adjusted upto 15 cm. By

adjusting the height of the substrate holder, the plasma to substrate dis-

tance can be varied from 40 cm to 25 cm. Heating tapes were used to

heat the chamber walls and the precursor lines. This will help to avoid
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Figure 2.3: Schematic of the ALD reactor with microwave source on
top.

unwanted precursor condensation at these areas. For deposition tempera-

tures higher than 100 0C the chamber walls and precursor lines were kept

at 100 0C and for deposition temperatures below 100 0C they were at the

actual deposition temperature.

The reactor is a flow type one with a vertical flow. A flow reactor

will enable speedy purging of the chamber in comparison with evacuation

type reactor. The reactor was designed to operate in the viscous flow

regime. During design and fabrication special care was taken to avoid

sharp edges and air pockets inside the chamber. The precursor gas was

delivered through top side of the reactor at an angle, so that the gas would

reach the whole substrate surface. Cross flow type reactors are common

in industries and in batch processing systems. A cross flow type reactor
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is considered to be the best for ALD because of its lower chamber size re-

quirement and easiness to purge out. In the present case, cross flow is not

practical as it is required to have a sufficient plasma to substrate distance.

The plasma gas is provided from the top side, which would pass through

the microwave plasma column before entering the chamber. Inert gas is

used as carrier and purge gas. The gas delivery line is divided into two at

the source end. One line is used to carry TMA and the other for O2. An

inert purge gas is injected in to these lines just after the solenoid valve

near to precursor. The inert gas supply is maintained throughout the

process. This is essential for complete purge out of the precursor gases.

In addition to the precursor delivery provisions, the reactor chamber has

provisions for measuring the vacuum, a view port and a port for inserting

the thermocouple. The pressure and flow inside the reactor is maintained

at desired values by adjusting a butterfly valve in between the reactor and

exhaust pump.

2.4.2.1 Microwave plasma unit

Microwave plasma has several exciting advantages for its use in thin film

deposition. The microwave plasma can provide (1) a high degree of ion-

ization of the working atmosphere, (2) a high concentration of active

species such as atoms, radicals and/or excited molecules and photons in

vacuum ultra violet (VUV), near ultra violet (UV), visible and infra red

(IR) regions, (3) high density plasma and its electrode-less acceleration,

(4) control of electron and ion energy distribution functions and (5) high

deposition and etching rates [73]. These peculiarities make microwave

plasma important for other applications like etching of thin films, surface

treatments and chemical reaction activation.

There are two basic types of microwave plasma reactors used in thin film
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Figure 2.4: Schematic of (a) NIRIM type and (b) ASTeX type mi-
crowave plasma reactors.

systems: NIRIM (National Institute for Research in Inorganic Materi-

als, Japan) type and the ASTeX (Applied Science and Technology Inc.,

presently a subsidiary of MKS Instruments) type. In NIRIM type reac-

tor, plasma is generated in a cylindrical quartz tube which intersects the

rectangular waveguide. Generally the waveguide is provided with a short

circuit stub to arrange a standing wave maximum at the quartz tube and

hence transfer maximum power to the gas load. In ASTeX type reactor

an axial antenna is used for microwave power coupling. The microwave

power is coupled to a quartz plate separated reaction chamber where it

forms a spherical plasma column, the so called ’plasma ball’. Figure 2.4

shows schematic representation of both NIRIM type and ASTeX type mi-

crowave plasma reactors.

The microwave plasma unit can be described as a combination of three

basic elements: (i) a microwave generator, (ii) a system of power de-

livery components and (iii) a plasma applicator. Figure 2.5 shows the

block diagram of the microwave plasma reactor. It is a NIRIM type reso-

nant cavity microwave plasma source. In resonant cavity structures high

electric fields at resonance support plasma ignition and they generally

produce high plasma densities. A 2.45 GHz microwave source with WR
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Figure 2.5: Schematic representation of microwave delivery system
with plasma applicator.

340 waveguide was used in our system. In a WR340 waveguide the domi-

nating mode is the TE10 mode [74]. A detailed description of the different

components used in our microwave system is given in the following sec-

tion. The picture of different components in the microwave unit is given

in figure 2.6.

The resonance occurs if the waveguide has an approximate length of a few

times the waveguide wavelength λg. The resonance frequency fx is given

by [74]

fx = c0

√
(
p

2L
)2 + (

m

2a
)2 + (

n

2b
)2 (2.1)

where c0 is the speed of light, a is the wide side of the waveguide, b is the

small side of the waveguide, L is the length of the waveguide resonator

and m, n and p are mode coefficients. After plasma ignition the resonance

is destroyed because the plasma acts as a complex load and it changes

the impedance. The complex load of a plasma can be expressed by the

impedance Zp as

Zp =

√
µ0

εε0

(2.2)

µ0 and ε0 are the natural permeability and permittivity respectively. ε

is complex permittivity of the plasma. For low temperature plasma it is

given by

ε = 1− (ωp/ω)2

1 + (ν/ω)2
− j( ν

ω
)

(ωp/ω)2

1 + (ν/ω)2
(2.3)
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with ω is the excitation frequency, ωp is the plasma frequency and ν is

the collision frequency. The plasma frequency

ωp =

√
nee

2

ε0me

(2.4)

with ne is the electron concentration, e is elementary charge and me is

the electron mass [74]

2.4.2.2 Microwave unit components

The microwave source used in the present work is National Electronics

(USA) MH1.2W-S microwave generator which produces microwaves of

2.45 GHz frequency at a maximum power of 1.2 kW. The power can be

adjusted from 10 to 100% of the maximum power. A cooling water supply

is necessary at a flow rate of 1.5 LPM at 250C. The maximum operat-

ing temperature is 580C. The waveguide used is rectangular type WR340

waveguide having 3.4 inch broad side and 1.7 inch narrow side.

The MH1.2W-S is controlled using SM-745 (Alter - Italy) switch-mode

power supply. The power supply controls the power generation accurately

and it monitors the generator temperature, current leakage, anodic over

voltage, presence of any arc and over-current in real time. In case of any

malfunction, the alarms will be activated together with LED indication.

With SM-745, the MH1.2W-S can pulse upto 1 kHz frequency. The power

supply can be operated either from front panel controls or by remote in-

terface. We utilized an additional electronic circuitry (figure 2.7 and 2.8)

to control and monitor the SM-745 power supply remotely using a per-

sonal computer.

If the microwave head is connected directly to the plasma source, there

is a risk of reflected power going to the magnetron. The risk is maximum

before the ignition of plasma and when the power absorption by plasma
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Figure 2.6: Picture of the major microwave plasma unit components.
(1) Microwave generator MH1.2W-S (2)Alter SM-745 power supply
(3) National Electronics Isolator (4) Alter 3-stub tuner (5) National

electronics Dual Directional coupler.

source is low. The resonant cavity design minimises the risk of magnetron

damage from reflected power. The resonance prior to ignition ensures that

a major part of the microwave energy is absorbed inside the waveguide

cavity even without plasma [74]. The use of an isolator further contributes

to minimization of the risk. The function of isolator is to block all the

reverse power reaching its output port and at the same time allow all

the input to pass through the out put port. But every isolator inevitably

varies from ideal case and there will be a small forward power absorption

and reverse power transit. Our isolator is a water loaded isolator with 3.0

kW handling capacity.

The microwave power in a microwave circuit is measured using a power

coupler. There are three types of power couplers; namely directional, non-

directional and analytical. A directional coupler is used to measure the

power propagating in a specific direction. We used one dual-directional
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Figure 2.7: Circuit diagram of control unit for the microwave plasma
unit in microwave plasma assisted ALD.
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Figure 2.8: Circuit diagram of microwave plasma control unit power
supply.

coupler to measure the forward and reflected power. A non-directional

coupler cannot distinguish between the forward and reflected power. An

analyser coupler can determine both phase and amplitude of forward and

reverse microwaves [75].

For maximum power coupling, the impedance of the microwave and the

gas load should be matched. The impedance has both amplitude and

phase and hence the mismatch also has phase and amplitude compo-

nents. The common method of impedance matching is by capacitive

means. The capacitive matching is achieved by inserting metallic elements

to the waveguide. For amplitude and phase matching, it is required to

adjust the insertion position and depth. So multi stub tuners are best

means of achieving impedance matching. A simple, economical design

employs threaded stubs screwed directly through the broad wall of the
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Figure 2.9: Photograph of plasma applicator in home made mi-
crowave plasma ALD system.

waveguide along its center line [75].

The plasma applicator is wave guide cavity type made by inserting quartz

tube through the broad side of the WR340 waveguide. The photograph

of the plasma applicator is shown in figure 2.9. The outer diameter of the

inserted quartz tube is 1 inch. At bottom side, the lower end of the quartz

tube extending out the wave guide is joined to top of reaction chamber

through a cooling water assembly and a vacuum sealing arrangement. A

mesh is placed inside the quartz tube at its lower end. On top, outside

the wave guide the quartz tube is covered with a cut-off tube followed by

a Wilson seal and plasma gas feed tubes. The cut-off tube is a cylindrical

wave guide like structure which will not allow free flow of the microwave

so that there will be attenuation of the microwave power. On reaching

the cut-off tube the microwave will die out after passing a certain length

which depends on the microwave power and cut-off tube dimension. The

rate of power attenuation is given by the attenuation constant

α =

√
(
2π

λc
)2 − (

2π

λ
)2 (2.5)
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Figure 2.10: Photograph of sliding short used in MPALD system.

where λc equals 3.41 times the tube radius and λ is the microwave wave-

length. The maximum leakage from industrial equipment and consumer

appliances should be less than 25 mW cm−2 which yields the common

regulatory limit of 1 mW cm−2 when measured at 5 cm from the source

[76]. The attenuation constant is set to attain this condition. The size of

the mesh in the bottom of quartz tube is carefully selected so that every

hole in the mesh will act like a cut-off tube and prevent the microwave

leak to the reaction chamber.

The waveguide terminates at a short circuit arranged at one end of the

microwave unit. A sliding type short circuit is used in our plasma system.

The sliding short allows us to change the length of the waveguide column

and hence to achieve maximum power coupling. A fixed short circuit is

suited only for specific process with known optimized short circuit posi-

tion. Figure 2.10 shows the picture of a sliding short.

2.4.3 Exhaust unit

The exhaust unit contains two pumps: a molecular drag pump and a ro-

tary pump. The molecular drag pump has a pumping speed of 7.5 litre/s

(for nitrogen) and 10−5 mbar ultimate vacuum capability. It belongs to

the special chemical inert series by Alcatel-Adixen. The molecular drag
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(a) (b) (c)

Figure 2.11: Pumps and gauge used at the exhaust side of the home
made ALD system. (a) molecular drag pump Adixen MDP5011, (b)

capacitance diaphram gauge CDG0025 and (c) rotary pump

pump is backed by the rotary pump of 200 litre/minute capacity. Since

the ALD system is a flow type reactor, rotary vacuum is sufficient for

running the ALD cycles and the molecular drag pump is needed only for

obtaining initial high vacuum. The chamber exhaust is connected to the

molecular drag pump through a butterfly valve. There is a bypass connec-

tion to the rotary pump through another butterfly valve. This valve helps

to control the chamber pressure during deposition. Figure 2.11 shows the

pumps and capacitance diaphragm gauge used in the present ALD sys-

tem. It is better to use a chemically inert and oil free low vacuum pump

and an automatic pressure control valve in the system.

Two different gauges are used for measuring the pressure in the ALD

reactor. A digital penning gauge is connected at the reaction chamber and

a capacitance diaphragm gauge to the exhaust side of reaction chamber.

The capacitance diaphram gauge (Infusil make) has a measuring range

of 0.001 mbar to 10 mbar with 10 millisecond response time. It is inter-

faced to a computer using a locally made controller. The photograph of

the control unit is given in figure 2.12 and the electronic circuit of the

controller is shown in figure 2.13.
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Figure 2.12: Photograph of the capacitance diaphragm gauge control
unit.

2.5 Microwave plasma

The amount of reflected power shows how efficient is the microwave plasma

system. The reflected power should be minimum in case of proper impedance

matching. The impedance matching is achieved by adjusting both slid-

ing short and the 3-stub tuner. Initially, the sliding short is adjusted to a

point for standing wave pattern and then the stubs in the tuner are slowly

inserted to the wave guide to get minimum reflected power. Successive

readjustments of the sliding short and tuner will lead to the minimum

reflected power at maximum impedance matching. The matching is a te-

dious process and a trade off should need to be reached between minimum

reflected power and plasma initiation. It is also reported that an optimum

tuning for initiation of breakdown generally does not correspond to the

optimum tuning for sustaining the plasma [77]. The flow and gas pressure

conditions are found critical in the microwave plasma system. The gas

load pressure variations will affect the impedance matching and a pres-

sure variation of around 2 mbar will extinguish the plasma. The ignition
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Figure 2.13: The electronic circuit for capacitance diaphragm gauge
control unit.

of plasma in microwave system is not simple. In microwave plasma as-

sisted ALD systems a background plasma is used at lower operating power

[58]. This kind of background plasma will naturally add some CVD part

to ALD. But in our case we have succeeded in generating plasma pulses

without any background plasma sustaining throughout the process.

The Optical Emission Spectra (OES) of the microwave plasma recorded

from the center of the plasma and from the substrate surface are given in

figure 2.15. Ocean Optics HR 4000 Spectrometer was used for capturing
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Figure 2.14: Photograph of home made microwave plasma assisted
ALD system.
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Figure 2.15: Emission spectra for N2 + O2 gas microwave spectra at
2.5 mbar recorded from the center of the plasma (dark) and from the

substrate surface (fade).

the emission spectra. The microwave plasma was produced with O2 (50

sccm) + N2 (100 sccm) load gas at 2.5 mbar chamber pressure. The opti-

cal emission spectra can give information about the plasma composition

by recording the de-excitation spectra. Emission spectra were recorded

through a quartz window using optical fibre cables. At the center of the

plasma, the presence of atomic oxygen is evident from peaks at 777 nm

and 845 nm. The spectrum also consists of the second positive system

(SPS), first positive system (FPS) and first negative system (FNS) of ni-

trogen plasma emissions. These emissions are transitions from the excited

states of N2 and N+
2 respectively. Weak emission from excited nitrogen

atoms (746 nm) is also present. OES recorded from the substrate surface
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gives only a feeble broad spectrum that spreads over the entire visible

spectrum. The broad peak was partially due to stray light and partially

from nitrogen plasma reaching the substrate surface. The feeble spectra

indicate less amount of energetic species reaching the substrate surface

and hence the damage due to plasma on the depositing film would be

less.

2.6 ALD process development

Since atomic layer deposition is a chemical method of thin film deposi-

tion, it is required to develop both the chemistry of the process and the

system based process parameters for complete ALD process development.

The atomic layer deposition of Al2O3 using trimethylaluminum (TMA)

and water is considered as a model process for ALD. As discussed in the

review, the reaction chemistry for thermal ALD-Al2O3 is well developed.

Several groups have studied the underlying reaction kinetics also [3, 78–

80]. The reaction chemistry and its kinetics studies were not a part of

this work. We concentrated only on the ALD system and associated pa-

rameters by depositing Al2O3 from TMA and H2O/O2 plasma. Once if

we have a definite ALD chemistry and predictable substrate surface com-

position, further if we kept the substrate at a constant temperature then

the parameters with interest are the precursor dosing time and the purg-

ing time required for ALD growth. The minimum deposition time was

one of the design goals during ALD system design. We conducted several

kinds of studies on the system to optimize the process. The temperatures

at different portions of the system are also important. The initial task

was to assign and control the temperature on each part of the deposition

system. The temperatures of various parts of the system are given in the

table 2.1. Attempts were made to find out the precursor dosage pattern
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Part of the ALD system Temperature (0C) Accuracy (0C)

Substrate holder
Variable from room
temperature to 400

± 1

Precursor lines for TMA 100 ± 5

Precursor lines for H2O 100 ± 5

Chamber wall
same as substrate
holder temperature

± 5

Table 2.1: Distribution of temperature over different parts of the
ALD system.

over the substrate surface by finding out areas of insufficient film forma-

tion on the substrate and hence tried to optimize the precursor dosage.

If the precursor flow is not enough for complete reaction on the substrate

surface, the sides of the substrate become deficient in film. We checked

out for this kind of irregularities during film formation.

The valves used for the gas feed unit are Avcon vacuum compatible 2-way

solenoid valves. The experimentally verified minimum response time for

this valve is 300 milliseconds. Complete saturation of 2 inch silicon wafer is

possible within 300 ms pulsing of either water or trimethylaluminum. The

major disadvantages of using this kind of valve is the precursor wastage

and decreased efficiency (in terms of time) of the process. The reactor

pressure and gas flow were optimized by a careful examination of the

film thickness profile. Several different working pressures were tried for

the system for optimizing the pressure and flow conditions. The pres-

sure condition and gas flow required for thermal ALD and for microwave

plasma assisted ALD of Al2O3 are given in table 2.2 and 2.3 respectively.

The minimum possible 300 ms precursor pulsing was found to supply

excess precursors. Usually the excess precursor dose not have major effect

on the ALD film properties [81]. But it will naturally lead to higher purge

time requirement. The precursor dosing and purge timings for thermal
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ALD Sequence Gas Gas flow
Chamber

Pressure (mbar)

Precursor 1 TMA+N2
N2 @ 100
sccm

2.3

Precursor 2 H2O+N2
N2 @ 100
sccm

2.6

Purge N2
N2 @ 100
sccm

1.8

Table 2.2: Precursor and carrier gas flow for thermal ALD process.

ALD Sequence Gas Gas flow
Chamber

Pressure (mbar)

Precursor 1 TMA+N2
N2 @ 100
sccm

2.3

Precursor 2 O2+N2
O2+N2 @
150 sccm

1.5

Purge N2
N2 @ 100
sccm

1.8

Table 2.3: Precursor and carrier gas flow rate for microwace plasma
assisted ALD process.

Temperature (T)(0C)
TMA
Purge
(s)

H2O
Purge
(s)

TMA
pulse
(ms)

H2O pulse (ms)

T≤ 1000C 60 180 300 300

T≥ 1000C 60 60 300 300

Table 2.4: Precursor pulse and purge timings for thermal ALD-Al2O3

process.

ALD Al2O3 and microwave plasma ALD Al2O3 are given in table 2.4 and

2.5 respectively.
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Temperature (0C)
TMA
Purge
(s)

O2

Purge
(s)

TMA
pulse
(ms)

O2 plasma (s)

All temperature 60 5 300 2

Table 2.5: Precursor pulse and purge timings for microwave plasma
assisted ALD-Al2O3 process.
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Figure 2.16: Dependence of GPC on number of cycles. (a) linear
growth (b) substrate-enhanced growth (c) substrate-inhibited growth

type 1 and (d) substrate-inhibited growth type 2.

2.6.1 Saturation & GPC

The basic feature of atomic layer deposition process is the self terminated

gas solid reactions. For the gas solid reactions to be self saturated, the

reaction should remain irreversible in the time scale of the ALD process

[3]. The irreversible reaction should be chemisorption, which depends

both on the adsorbent and the adsorbate surface. In the language of ALD

the term monolayer for an ALD grown material MZX can be defined as

one plane of MZX units in a crystalline face of the bulk MZX material

in the preferred orientation of growth (for crystalline materials) [3]. The
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Figure 2.17: Thickness variation of thermal ALD-Al2O3 thin films
with number of cycles of deposition. Inset figure shows the GPC with

number of deposition cycles.

self saturation limits the ALD growth to one monolayer per cycle. The

thickness of the monolayer in ALD is determined by available surface

sites and steric hindrance of the precursor ligands. The steric hindrance

usually limits the film growth to ALD-monolayer other than the actual

monolayer.

The amount of material added to the surface on each reaction cycle is

termed as growth per cycle (GPC) [3]. After few initial cycles the chemical

composition of the substrate surface changes during deposition so that

there should be a variation for GPC also. The GPC will set to a steady

value after having initial variation. Based on the dependency of GPC on

the number of reaction cycles, ALD process can be classified as (a) linear
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Figure 2.18: Thickness variation of microwave plasma assisted ALD-
Al2O3 thin films with number of cycles of deposition. Inset figure shows

the GPC with number of deposition cycles.

growth, (b) substrate-enhanced growth, (c) substrate-inhibited growth

type 1 and (d) substrate-inhibited growth type 2. For linear growth the

number of reactive sites on the surface does not change with number of

cycles or the saturation is caused by steric hindrance [3]. The different

types of GPC dependence on number of cycles is shown in figure 2.16.

Figure 2.17 and figure 2.18 shows the thickness variation of the ALD grown

Al2O3 thin films with number of deposition cycles. The inset figure shows

the dependence of growth per cycle on number of deposition cycles. For

both the cases, we obtained linearly increasing film thickness values with

increasing number of deposition cycles. This consistent increase in film

thickness with number of deposition cycles is a basic feature of atomic
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layer deposition. So these curves confirm that the thin film deposition in

home made ALD system is atomic layer deposition process. For thermal

ALD, GPC vs number of cycles curve is substrate inhibited type and it

is linear for microwave plasma assisted ALD. So steric hindrance is the

limiting process that determines the ’monolayer’ for microwave plasma

assisted ALD process. But in the case of thermal ALD of Al2O3, the

initial cycles were limited by both the number of available reaction sites

and the steric hindrance. After a few cycles, the GPC curve was almost

stabilized by initially grown Al2O3 layers.

2.7 Conclusions

A fully automated atomic layer deposition system was developed with

an approximate cost of 12-13 lakhs. This home made system can work

in plasma assisted mode and in conventional thermal mode ALD. The

plasma used is a 2.45 GHz microwave based waveguide cavity plasma. The

plasma is generated inside an applicator tube with a 1200 W microwave

generator. An isolator, directional coupler, 3-stub tuner and sliding short

are used for the efficient transmission and control of the microwave. The

leakage of plasma is blocked with suitable cut-off tubes. A mesh is used to

block the plasma from entering the deposition chamber and hence to keep

the depositions remote from plasma. We succeeded to initiate and sustain

the plasma only during oxygen precursor dosing. The ALD chamber is

equipped with a movable 2 inch substrate holder. It is a top injection,

flow type, medium vacuum, temporal ALD system. The ALD operates

in rotary vacuum. Its ultimate vacuum capability is 10−5 mbar. The

chamber wall and precursor lines are heated with heating tapes. The

precursors are taken in bubblers. The precursor and purge gas lines are

controlled with mass flow controllers, solenoid valves and needle valves.
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The plasma was analysed using optical emission spectra. The broad and

feeble spectrum observed near the surface of the substrate indicates that

only less amount of energetic species reach the substrate surface. This is

the expected desirable quality of a remote plasma system. The system

parameters were optimized especially for Al2O3 thin films using TMA and

H2O/O2 as the precursors. The optimum values of precursor pulse and

purge timings for plasma assisted ALD and thermal ALD were found out

for different substrate temperatures. The ALD nature of the thin film

growth was identified from thickness versus number of cycle curve.





Chapter 3

Plasma assisted ALD-Al2O3 as

a gate dielectric candidate

The present studies on atomic layer deposited Al2O3 dielectrics mainly fo-

cus on combinations with high mobility channels rather than with silicon

[82, 83]. On silicon channel, Al2O3 is one of the most studied dielectric

material. So by knowing the properties of ALD-Al2O3 as a gate dielectric

material, it is easy to optimize the home made ALD system. Al2O3 is

a material with variety of applications like solar cell passivation [84, 85],

multilayer and compound dielectric materials for gate oxides [86, 87], en-

capsulation of organic & carbon based devices [88, 89], energy storage

[90, 91], capacitors [92] etc. The essence of this chapter is the deposi-

tion and characterization of plasma assisted ALD-Al2O3 thin films in our

home made ALD system and its comparison with Al2O3 film prepared in

an industrial plasma assisted ALD system with emphasis on interfacial

and bulk electrical characteristics of the thin films.

53
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3.1 Short review on PALD-Al2O3 & reac-

tion mechanisms

Trimethylaluminum and water based ALD is widely considered as a model

system for atomic layer deposition. The surface chemistry and reaction

mechanisms of ALD-Al2O3 was studied by several groups including our

group [93, 94]. The binary reaction during ALD of Al2O3 is as follows

2Al(CH3)3 + 3H2O → Al2O3 + 6CH4 (3.1)

The reaction 3.1 can be divided in to two half reactions:

AlOH∗ + Al(CH3)3 → Al −O − Al(CH3)∗2 + CH4 (3.2)

This is the first half cycle (reaction 3.2) of the reaction, by which Al(CH3)3

is chemisorbed by the surface -OH groups and form adsorbed (-O-)nAl(CH3)3−n

by releasing one CH4.

Al(CH3)∗ +H2O → AlOH∗ + CH4 (3.3)

During second half cycle(reaction 3.3), H2O oxidises the metal and re-

generates the -OH surface groups with the formation of CH4. The initial

works in this field was dominated by G. S. Higashi and C. G. Fleming

[95], group of S. M. George [80, 96–99] and group of S. D. Elliot [100].

In 2003, S-W Choi et al. successfully deposited PALD Al2O3 with neutral

oxygen atoms or oxygen ions from oxygen gas plasma. They noticed that

the deposition rate increased more than 50% [35]. In the same year the

usefulness of Al2O3 in a multilayer structure was studied by H B Park et

al. They reported the dependence of fixed charges of the Al2O3/Si and

HfO2/Al2O3 interfaces greatly on the nitridation of the Al2O3 layer. Fur-

thermore, they found that the interface trap density in the sample with
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plasma-treated Al2O3 interlayer decreased from that of the nontreated

sample by almost one order of magnitude [101]. Several compounds of

aluminum like nitride, oxynitride and multilayer structures were studied

during the initial period of PALD development [101, 102]. PALD was

also done at different substrates and studied as follow ups of thermal

ALD studies [103–106].

In the year 2006, the group lead by W. M. M. Kessels published their works

on PALD-Al2O3 deposition for water permeation barriers [66]. They were

interested in reaction mechanisms associated with the PALD-Al2O3. It

is mainly because of their works the reaction mechanisms of the process

was revealed upto the present level. In 2006, Kessels et al. reported their

first work on PALD-Al2O3 reaction mechanism in a rapid communication.

The precursors used were TMA and O2 plasma. Quartz crystal microbal-

ance, optical emission spectroscopy and quadrupole mass spectrometer

were employed for studying the reaction mechanisms. They confirmed

combustion like reactions by oxygen radical during the plasma half cycle

and reaction similar to thermal ALD for the other half cycle. Evidences

were also found for a concurrent thermal ALD like reaction pathway dur-

ing plasma half cycle by formation of H2O [107]. Again in 2008, they came

with a better explanation of the PALD-Al2O3 reaction mechanism [108].

In this work, they utilized more in-situ tools such as spectroscopic ellip-

sometry, quartz crystal microbalance, quadrupole mass spectroscopy, op-

tical emission spectroscopy and transmission infra-red spectroscopy. They

confirmed the presence of H2O, CO and CO2 during the plasma half cy-

cle. The presence of CH4 and simultaneous reduction of O2 represents

the concurrent reaction pathway as suggested in their earlier work. They

represented the complete reaction as follows

AlOH∗ + Al(CH3)3(g)→ AlOAl(CH3)∗2 + CH4(g) (3.4)

Al(CH3)∗ + 4O(g)→ AlOH∗ + CO2(g) +H2O(g) (3.5)
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They identified the formation of increased number of -OH surface states

with decreasing substrate temperature as the reason for higher growth per

cycle at low temperature. A detailed account of the studies done by the

group of Kessels to understand the reaction mechanisms are included in

their Al2O3 case study paper [109].

Using ECR microwave plasma, room temperature Al2O3 deposition was

facilitated by a Korean group on plastic substrates at a GPC of 2.2

A0/cycle [110]. A capacitively coupled plasma assisted ALD-Al2O3 at

room temperature was done by D.C. Cameron and T. O. Kaariainen [68].

In their study plasma was very close to the substrate surface and they used

a grid to prevent film damage by the plasma. From their experiment, it

was clear that an optimized plasma to substrate distance, O2 pulse length

and plasma power are essential to avoid the inclusion of reaction prod-

ucts like CO, CO2, H2O, CH4 and to avoid the CVD like counter reaction

originally proposed by Kessels group. They also reported incorporation

of N2 in to the film with increasing plasma power. In 2009, Kessels group

together with NXP semiconductor deposited Al2O3 and TiN sequentially

in a single reactor at the same temperature and studied the elecrical per-

formance. From capacitance-voltage (C-V) measurements, a dielectric

constant (κ) of 8.7±0.1 was extracted for Al2O3. Even though there was

no direct dependence on the deposition temperature in the range 350 to

4000C, the stack deposited at 400 0C demonstrated significantly lower C-

V hysteresis of ∼50 mV. A negative fixed oxide charge density of 9.6±
0.2 ×1012cm−2 was found to be present at the Al2O3/p-Si interface [111].

Dendoovan et al. made a detailed analysis on the conformality of the

PALD-Al2O3 thin films deposited using inductively coupled plasma. The

precursors were TMA and O2 plasma. They conducted the study by de-

positing the films on macroscopic test structures with aspect ratios of

∼5, 10, and 22. Through comparison with the thermal TMA/H2O pro-

cess, they concluded that the conformality of the plasma based process
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is more limited due to the surface recombination of the O-radicals during

the plasma step. The conformality could be improved by raising the gas

pressure or the RF power [112]. Group lead by Kessels also made process

and simulation studies on conformality of PALD and they found aspect

ratio >10 nm is challenging [113].

3.2 Preparation of plasma assisted ALD-

Al2O3 thin films

Al2O3 thin films were deposited on Boron doped p-type silicon (100) wafer

substrates (1-5 Ω cm) by Microwave Plasma assisted ALD (MPALD) and

by inductively coupled Radio Frequency plasma assisted ALD (RFALD).

Before deposition the silicon wafers were cleaned with standard RCA (Ra-

dio Corporation of America) procedure. The RCA cleaning includes stan-

dard cleaning 1 (SC1) followed by buffered hydrofluoric acid (HF) dip

and standard cleaning 2 (SC2) again followed by buffered HF dip. Af-

ter the final HF dip the substrates were loaded to the ALD chamber at

the earliest. Microwave plasma assisted depositions were done with our

home made ALD system and the properties of the deposited films were

compared with RF plasma based depositions done using Cambridge Nan-

oTech’s Fiji F200. The microwave plasma system design, fabrication and

process optimization are explained in chapter 2.

The Fiji F 200 is a modular high-vacuum ALD system that accommodates

a wide range of deposition modes using a flexible system architecture and

multiple configurations of precursors and plasma gases. The hyperboloid

reactor geometry combined with the paraboloid substrate heater creates

a laminar precursor and remote plasma generated radical flow [114]. The

Fiji F 200 can work in conventional thermal mode ALD and in plasma

assisted mode ALD (Inductively coupled radio frequency plasma). It can
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handle 200 mm wafers. The maximum possible deposition temperature

is 5000C. In standard format it has 4 precursor lines with heatable (upto

2000C) solenoid valves. The entire reaction chamber is covered with a

heating jacket. It has integrated mass flow controllers for every gases in

use. There are provisions for connecting in situ diagnostic tools. The

entire system is interfaced using a Labview control [115].

Both microwave plasma assisted and RF plasma assisted modes of ALD

depositions were carried out at different substrate temperatures to study

the effect of deposition temperature on the film properties. In microwave

plasma assisted ALD the temperature variation was from room tempera-

ture to 2000C whereas in RF plasma assisted mode it was from 400C to

2000C. The formation of native oxide was unavoidable in our experiments.

For all Al2O3 depositions the precursors were Trimethylaluminum (TMA)

Temperature (0C) TMA Purge (s) O2 Purge (s)
300 5 5
250 8 5
200 10 5
150 20 5
100 30 5
75 60 5
50 120 5
25 180 5

Table 3.1: Standard precursor purge timings for Al2O3 deposition in
Cambridge NanoTech’s Fiji F200.

(Sigma-Aldrich) and plasma produced with high purity oxygen (5N pu-

rity). Standard recipe provided by Cambridge NanoTech was followed for

RF plasma ALD depositions. The precursor dosage and purge timings by

the Cambridge NanoTech’s standard recipe are given in table 3.1. During

microwave plasma assisted deposition, the chamber pressure was kept at

1 mbar. For microwave plasma assisted depositions up to 1000C, the re-

actor wall was maintained at substrate temperature. For higher substrate
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temperatures the reactor wall was kept at 1000C. For RF plasma assisted

depositions, the chamber pressure during deposition was kept around 0.1

mbar and the maximum chamber wall temperature was 150 0C.

3.3 Analysis of PALD-Al2O3 thin films

The dielectric constant (κ) for Al2O3 is 8.9, which is higher than that of

the conventional oxide SiO2. But it is less than that of HfO2, which is the

industrial standard for modern era microelectronics from 2007 onwards

[116]. Al2O3 was studied heavily by the industry and research communi-

ties as an alternative gate dielectric material. Al2O3 thin films can remain

in amorphous form even at semiconductor processing temperatures. In

addition, Al2O3 satisfies most of the high-κ dielectric requirements like

large band gap, good enough band offset values, kinetic stability, ther-

modynamic stability with silicon etc. [52, 117]. The major draw back of

Al2O3 is its comparatively lower κ value.

3.3.1 Thickness, density & refractive Index

The thickness and refractive index of the deposited thin films were ex-

tracted from ellipsometric studies. The basics of ellipsometric technique

is the measurement of polarization state of a reflected light. When light

is reflected from a surface, it will undergo a phase shift and the reflected

light will have a smaller amplitude. Spectroscopic ellipsometry is a non

destructive contact less tool mainly used to measure the thickness and op-

tical constants of thin films. The change in polarization during reflection

or transmission on the sample surface is measured as follows in comparison
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Figure 3.1: Configuration for ellipsometric measurements.

with a known initial polarization. The ratio of reflection coefficient,

ρ =
Rp

Rs

= tan(Ψ)ei∆ (3.6)

where Rp and Rs are the reflection coefficients for the parallel and perpen-

dicular components of the electric field of the polarized light and Ψ and

∆ are known as ellipsometric angles. Every spectroscopic ellipsometer

requires one light source with polarization generator, sample, polarization

analyser and a detector. The configuration of the incident and reflected

beams is shown in figure 3.1. Presently, there are several kind of ellip-

sometric tools available in market like interferometric, variable angle and

variable wavelength ellipsometry. In our study, we used the Sentech El-

lipsometer SE800, for which the spectral range is 240 nm to 930 nm. All

the measurements were done at a fixed incident angle of 700. The X-ray

reflectivity (XRR) is another tool used for thickness measurements. XRR

measurements will give the thickness, density and both surface and inter-

facial roughness. X-ray reflectivity, also known as X-ray reflectometry, is

a non-destructive, non-contact method of film characterization. When X-

rays are irradiated on to the sample at very low angles there will be total

reflection of X-rays from the sample surface. As the angle of irradiation

is gradually increased beyond a certain angle called critical angle, which

is dependent on the material, X-rays are reflected from the interfaces of
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Figure 3.2: X-ray reflectivity spectra for MPALD thin film deposited
at room temperature with the simulation fit over the measured data.

the sample and give rise to interference fringes. As the semiconductor in-

dustry is dealing with 22 nm technology and beyond, X-ray reflectivity is

the only non-contact, non-destructive standardless technique to measure

thickness, density and roughness of ultra thin amorphous, polycrystalline

and single crystal metal films at this thickness range [118]. XRR can

measure thickness in the range of 0.1 nm to 1000 nm, material density

variation <1-2% and surface and interface roughness <3-5 nm. In our in-

vestigations we used two different XRR tools: (1) Rigaku Smartlab high

resolution X-ray difractometer (2) PANalytical Xpert Pro materials re-

search diffractometer. Both these use 3 kW solid state generator and the

X-ray source is Cu K-α.

Figure 3.2 shows the measured X-ray reflectivity spectra for microwave
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Figure 3.3: Thickness variation of Al2O3 thin films with substrate
temperature for (a) Microwave plasma assisted ALD and (b) RF

plasma assisted ALD.

plasma assisted ALD Al2O3 deposited at room temperature. The simula-

tion fit over the measured data will give thickness, density and refractive

index of the film. The periodicity of the fringes would be proportional

to the thickness of the film, the fall of intensity would be proportional to

the roughness of the film and amplitude of the fringes would be propor-

tional to the density of the top and bottom layers. For room temperature

MPALD-Al2O3, the measured thickness was 24.48 nm with 2.67 g/cm3

density and have a refractive index of 1.5. With increasing deposition

temperature the density of the deposited film was found to increase. At

2000C, the density became 2.9 g/cm3 and the film thickness reduced to
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Figure 3.4: Substrate temperature dependence of refractive index for
MPALD-Al2O3 & RFALD-Al2O3 and density dependence for MPALD-

Al2O3 thin films.

11.7 nm. Similar behaviour was already reported for atomic layer de-

posited Al2O3 [36, 119].

Figure 3.3 shows the thickness variation of ALD-Al2O3 thin films with

substrate temperature. The total number of deposition cycles was kept

constant at 100 cycles for all the deposition temperatures. The ALD-

Al2O3 film thickness was found to decrease with increasing substrate tem-

perature. This remained valid for both microwave plasma and RF plasma

modes of ALD. At lower temperatures the growth per cycle for MPALD-

Al2O3 was greater than that for RFALD-Al2O3. The maximum growth

per cycle of 2.4 A0/cycle was obtained for MPALD at room temperature.

This much growth is usually rare in ALD. At the maximum substrate

temperature (2000C), the film thickness was found to be around 12 nm

for both modes of ALD. The decrease in thickness with temperature was

noted earlier by other research groups working in ALD and the thickness

reduction was attributed to reduced number of OH surface sites. At higher
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temperatures dehydroxilation will take place and it will cause incomplete

surface reactions [3, 80, 93, 120].

The refractive index for the crystalline hexagonal Al2O3 is 1.767 [68]. The

reported refractive index value for atomic layer deposited Al2O3 for TMA

and H2O process is around 1.6 [98, 119]. But the reported refractive index

value for plasma based method is around 1.5 [68]. Figure 3.4 shows the

values of refractive index with varying substrate temperature. Similar to

earlier reports for both plasma assisted modes of ALD-Al2O3 the obtained

refractive index was more or less 1.5.

3.3.2 Film composition & morphology

The determination of crystal structure, surface morphology and composi-

tion are critical in understanding the electrical performance on the basis

of its physical and chemical properties. A grain boundary in a crystalline

dielectric can act as a source of leakage in the film, so it is necessary to

know whether the film is crystalline or not. By knowing the composi-

tion we can correlate the chemical structure to device performance. The

characterization of the surfaces is also crucial for electronic materials.

3.3.2.1 High resolution X-ray diffraction

X-ray diffraction is a non destructive technique used to obtain the struc-

tural information of materials. A monochromatic beam of X-rays having

wavelength in the order of inter atomic distance is used for the structure

determination. The sample scatters the X-ray in all directions. The pe-

riodic arrangement of atoms in crystallographic planes causes the X-ray

beam to form diffracted beam in certain directions. The position of the

diffracted beam is given by Bragg’s law,
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Figure 3.5: X-Ray diffraction spectra of MPALD-Al2O3 thin film
deposited at room temperature

nλ = 2dsinθ (3.7)

where n is the order of diffraction, θ is the angle of incidence, λ is the X-ray

wavelength and d is the distance between inter atomic planes from where

the X-rays are scattering. Glancing angle X-ray diffraction (GXRD) is

used to avoid the influences from the substrate. In GXRD, the X-ray

beam is directed to the sample in a very small angle, below the critical

angle. Hence it will penetrate only a minimum substrate.

The GXRD measuremets were done with Panalytical XPert Pro multipur-

pose diffractometer. Diffraction data is acquired by exposing samples to

Cu-Kα radiation, which has a characteristic wavelength (λ) of 1.5405 A0.

X-rays were generated from a Cu anode supplied with 40 kV and a cur-

rent of 40 mA. Figure 3.5 shows the GXRD spectra of MPALD-Al2O3 film

deposited at room temperature. There is no specific peaks in the GXRD
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spectrum. This indicates the amorphous nature of the MPALD-Al2O3

thin film deposited at room temperature.

3.3.2.2 X-ray photoelectron spectroscopy

XPS spectra are obtained by irradiating a solid surface with a beam of

X-rays while simultaneously measuring the kinetic energy and electrons

that are emitted from the top 1-10 nm of the material being analyzed.

Using XPS, the electronic state and chemical state of the material can

be analysed from the surface. To analyse the bulk of a material either

etching or sputtering is usually incorporated with XPS. A photoelectron

spectrum is recorded by counting ejected electrons over a range of electron

kinetic energies. Peaks appear in the spectrum from atoms emitting elec-

trons of a particular characteristic energy. The energies and intensities

of the photoelectron peaks enable identification and quantification of all

surface elements (except hydrogen) [121]. The chemical state of an atom

alters the binding energy (BE) of a photoelectron which results a change

in measured kinetic energy (KE). The binding energy is related to the

measured photoelectron kinetic energy by the simple equation,

BE = hν −KE (3.8)

where hν is the photon (X-ray) energy. The chemical or bonding infor-

mation of the element is derived from these chemical shifts.

Kratos Analyticl’s Amicus 3400 and ULVAC-PHI 5000 Versaprobe II

systems were used for XPS measurements. The composition and chem-

ical bonding states of the Microwave plasma assisted ALD-Al2O3 thin

films were analysed using X-ray photoelectron spectroscopy. The C 1s

hydrocarbon peak at 285 eV is used as the reference. Excess oxygen was

detected in Al2O3 thin films deposited at various substrate temperatures.

The O/Al ratio of the films are tabulated in table 3.2. Figure 3.6(a)
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Figure 3.6: (a) XPS spectra of MPALD-Al2O3 deposited at room
temperature (b) XPS spectra of MPALD-Al2O3 deposited at different

substrate temperatures.

Substrate temperature(0C) O/Al Ratio
Room temperature 2.12

75 2.10
100 2.02
125 1.98
200 1.92

Table 3.2: O/Al ratio for microwave plasma assisted ALD-Al2O3

films for different substrate temperatures, as obtained from XPS.

shows the XPS spectra of MPALD-Al2O3 thin films deposited at room

temperature and annealed at 4000C for 30 minutes in a foaming gas am-

bient. Al 2s peak at 119.2 eV and Al 2p peak at 74.3 eV are present in

the spectra. According to the data of NIST X-ray photoelectron spec-

troscopy database, the appearance of Al 2s at 119.2 eV and Al 2p at 74.3

eV confirms the formation of Al2O3 [122]. Al 2p at 74.3 eV belongs to

oxidized aluminium and O 1s belongs to metal oxide. The peak positions

of Al 2p and O 1s remain invariant with substrate temperature and hence

their binding energy difference also remains the same, which indicates the
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Figure 3.7: Photoelectron spectra for Al 2p & O 1s transitions ob-
tained for MPALD-Al2O3 films deposited at different substrate tem-

peratures.
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Figure 3.8: C-1s photoelectron spectra of MPALD-Al2O3 films de-
posited at different substrate temperatures.
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Figure 3.9: Al 2s photoelectron spectra of MPALD-Al2O3 prepared
at different substrate temperatures.

existence of aluminium and oxygen only in one charge state irrespective of

substrate temperature. Figure 3.6 (b) shows the XPS spectra recorded for

MPALD-Al2O3 deposited at different substrate temperatures. No visible

variation was noticed with varying substrate temperature. The O 1s and

Al 2p peaks for the MPALD-Al2O3 at different substrate temperatures

are shown in figure 3.7. No apparent broadening was observed for Al 2p

curve at all deposition temperatures. The broadening at higher binding

energy side of O 1s spectra indicates the formation of hydroxyl groups

[123]. The MPALD-Al2O3 thin film deposited at 2000C shows a shift to-

wards the higher binding energy for both Al 2p and O1s spectra. This

shift may be due to silicate formation at higher deposition temperature

[124]. The C 1s and Al 2s peaks for MPALD-Al2O3 films deposited at

varying substrate temperature are given in figure 3.8 and 3.9 respectively.

The C 1s spectra shows a variation in carbon content with deposition

temperature of MPALD-Al2O3 thin films. The small peak around 288
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eV indicates carbonate formation [125]. In Al 2s spectra we can see the

Si 2s peak at 102 eV and is prominent for high temperature deposition,

representing the formation of SiO2 interfacial layer over silicon wafer.

3.3.2.3 Field emission scanning electron microscopy

In scanning electron microscope (SEM) the sample surface is scanned

using a finely focused electron beam. The electron beam scanning will

generate secondary electrons, backscattered electrons and characteristic

X-rays. These emissions are collected by the detector and analysed to

get surface topography of the surface to be analysed. In field emission

(a)

(b) (c)

Figure 3.10: FESEM images of MPALD-Al2O3 films prepared at (a)
room temperature, (b) 1250C and (c)2000C. (Scale 20 nm)

scanning electron microscopy (FESEM), a field emission cathode is used

as the electron gun. The field emission cathode can provide narrow beam
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of electrons having higher energy. SEM can be used to characterize the

porosity, surface roughness, grain size and distribution of the film. FE-

SEM can provide 3 to 6 times better resolution than conventional SEM.

Reduced penetration of low kinetic energy electrons probes closer to the

immediate material surface and electrocharging of the sample will be less

in FESEM [126].

Figure 3.10 shows the FESEM images of MPALD-Al2O3 films deposited

at different temperatures taken using Zeiss Ultra 55 FESEM instrument,

which can provide 1nm SEM imaging resolution. The acceleration volt-

age range of Zeiss Ultra 55 FESEM is 0.1 - 30 kV. The FESEM images

at higher temperatures show small island like structures distributed uni-

formly over the film, having feature size around 4 nm. The feature size and

density of these islands were more (around 7 nm) for room temperature

MPALD-Al2O3 deposition.

3.4 MOS capacitor (MOScap)

The study of MOS capacitor forms the best suited method for the MOS

based system analysis. MOScap fabrication steps are similar to that used

in integrated circuit fabrication. Therefore the MOScap provides direct

measurement and monitoring of the MOS system as it is actually fabri-

cated and used in the integrated circuit. Moreover the MOS capacitor

has the advantage of simplicity of fabrication and analysis [127]. The

insulator layer between the metal and the semiconductor acts like a big

energy barrier between the metal and the semiconductor. Because of this

energy barrier, the flow of carriers between metal and semiconductor is

blocked. So the application of a bias across the MOS does not result in

a current flow. But as the polarity and magnitude of the applied bias

change, there will be a corresponding change in the carrier concentration
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Figure 3.11: Cross sectional view of a MOS capacitor on the left and
the band diagram for an ideal MOS at equilibrium on the right side.

and band structure of the semiconductor. These changes bring about the

important electrical characteristics of MOScap. Figure 3.11 shows the

cross sectional view of a MOS capacitor on the left and the band diagram

for an ideal MOS at equilibrium on the right side. For an ideal MOS, the

work function difference between the metal and semiconductor should be

zero. The insulator should be perfect so that no dc current flows through

it and there are no charged defects in the insulator. The change in carrier

concentration can be determined with the help of band bending approx-

imation. The band bending approximation assumes that the density of

states in the conduction and valance bands is not changed by an electric

field. In band bending approximation, the only effect of an electric field

is to shift all the energy levels in the conduction and valance bands by

a constant amount determined by the potential at a given point in the

semiconductor [127]. Using the band bending approximation we can cal-

culate the hole and electron density distribution as a function of position.

For a p type semiconductor, the hole density in the valance band in the
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Figure 3.12: MOScap under different biasing conditions and the cor-
responding charge variation in the structure.

presence of an electric field is

p(x) = NA exp(−qψx
kT

) (3.9)

where NA is the acceptor concentration, q the elementary charge, kT is

the energy equivalent of temperature T and ψx is the potential difference

between valance band and the fermi level. Similarly for n type semicon-

ductor,

n(x) = ND exp(
qψx
kT

) (3.10)

where ND is the donor concentration. Under the ideal conditions, the work

function difference between the metal and the semiconductor is given by

φms ≡ φm − (χs +
Eg
2q

+ φF ) = 0 (3.11)
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where φms is the metal-semiconductor work function difference, φm is the

metal work function, χs is the electron affinity of semiconductor, Eg is

the semiconductor band gap and φF is the bulk or fermi potential of

semiconductor. For a p type semiconductor,

φF =
KT

q
ln
NA

ni
(3.12)

where ni is the intrinsic carrier concentration. Biasing a MOS capacitor

gate with some voltage will give rise to three specific situations, namely-

accumulation, depletion and inversion as shown in figure 3.12. In accu-

mulation, the majority carriers from the semiconductor will get accumu-

lated at the insulator-semiconductor interface. In depletion, the majority

carriers are chased back by the applied potential and a charged region is

formed by the uncompensated dopant atoms. A minority carrier layer will

be formed at the insulator-semiconductor interface during the inversion.

The variation of charges at the interface during accumulation, inversion

and depletion is shown in figure 3.13. Under small signal ac, the deple-

tion width expands and contract slightly. An ac charge appears at the

bottom of the depletion layer as shown in figure 3.13(b). 3.13(c) shows

the quasistatic case, i.e., the p-n junction act as the source of electron and

the inversion charge can respond simultaneously to the ac signal. In high

frequency case, there is no quick supply of electrons, the electron source is

the slow thermionic generation, and the inversion charges cannot respond

to the ac signal.

Another important term in MOS analysis is the flat band voltage. Flat

band voltage is the voltage required to nullify internal electric fields in the

MOScap. At flat band voltage there will be no net electric charge in the

MOS capacitor. For an ideal MOScap, flat band voltage should be zero.

For a real MOScap, in the absence of any oxide charges, flat band voltage

will be equal to the work function difference between the metal gate and
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semiconductor.

3.5 Characterizations of plasma assisted

ALD-Al2O3 based MOScap

The major tool used in the characterization of a MOScap is the Capacitance-

Voltage (C-V) characteristics. To a device specialist the MOScap C-V

characteristics is like a picture window, a window revealing the internal

nature of the structure [128]. The pioneering works by Grove et al. [129]

developed the C-V measurement as a powerful tool for the evaluation of

MOScap as an integral part of MOSFET. A MOScap is a non-linear ca-

pacitor, so the differential capacitance which gives the rate of change of

charge with voltage is important, in comparison with the static capaci-

tance for a normal capacitor. To measure the capacitance as a function of

gate bias in steady state a small AC voltage is superimposed on the gate

bias. The C-V measurements can give insulator layer thickness, semicon-

ductor doping concentration, threshold voltage for inversion and the flat

band voltage. In addition, a careful analysis of the C-V characteristics can

give the defects in insulator layer and the interfacial layer traps present

in the system.

The capacitance is usually measured with an LCR meter, which measure

the differential capacitance:

C =
dQ

dV
(3.13)

In a typical MOScap C-V characteristics, we can distinguish the accu-

mulation, depletion and inversion regions. In an accumulated MOScap

only majority carriers take part in the operation. The majority carriers

can operate as fast as 10−10 to 10−13 second. So the MOScap can follow
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Figure 3.13: Illustration of the MOS capacitor in all bias regions with
the depletion layers shaded. (a) Accumulation region (b) depletion
region (c) inversion region with efficient supply of inversion electrons
from the N region corresponding to the transistor C-V or the quasi-
static C-V and (d) inversion region with no supply of inversion electrons
(or weak supply by thermal generation) corresponding to the high-

frequency capacitor C-V case. [130]

a usual small signal frequency of 1MHz or less quasistatically. Then,

Cacc = Coxide =
κε0A

d
(3.14)

where Cacc is the accumulation capacitance which would be equal to oxide

capacitance (Coxide), κ is the dielectric constant, ε0 is the vacuum permit-

tivity, A is the area of the MOS capacitor and d is the thickness of the

dielectric layer. In depletion, only majority carriers will contribute to the

process, but now the depletion layer width also widens with a quasistatic
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variation with AC signal and the situation is like two parallel plate capac-

itors in series (Cox and Csemiconductor). So we can write the capacitance of

the MOS in the depletion region (Cdep) as

Cdep =
CoxideCsemiconductor
Coxide + Csemiconductor

(3.15)

where Csemiconductor is the capacitance due to depletion region in semicon-

ductor. In inversion, for the semiconductor two alternative mechanisms

are available to compensate the gate voltage: (1) fluctuate the depletion

width and (2) minority carrier accumulation at the semiconductor surface.

The second one is a slow process. So the MOScap will select in between

these two based on the measurement frequency.

Cinv = Coxide for ω → 0 (3.16)

Cinv =
CoxideCsemiconductor@Threshold
Coxide + Csemiconductor@Threshold

(3.17)

where Csemiconductor@Threshold is the capacitance due to depletion region in

semiconductor at the onset of inversion. Figure 3.13 shows the schematic

representation of MOScap at different biasing regimes. A real MOScap

will have some defect states like fixed charges in the oxide and interface

trap charges. The interface states can change their charge on communi-

cation with the semiconductor. Any voltage applied to the gate will drop

partially across the oxide and partially across the semiconductor, i.e.,

Vg = VFB + Vox + φs (3.18)

where VFB is the flat band voltage, Vox is the oxide voltage and φs is the

surface potential. Flat band voltage is the voltage drop across the MOS

at zero applied gate bias. The capacitance for a real MOS can be written

as

C = −dQs + dQit

dVox + dφs
(3.19)
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Figure 3.14: (a) Equivalent circuit of MOS capacitor represented in
equation 3.20. (b) to (e) Illustration of the MOS capacitor in different

bias regions.

where Qs is the semiconductor charge density which consists of hole charge

density Qp, space charge region bulk charge density Qb and electron charge

density Qn. Qit is the interface trap state density. With Qs = Qp+Qb+Qn

the capacitance becomes [131]

C =
Cox(Cp + Cb + Cn + Cit)

Cox + Cp + Cb + Cn + Cit
(3.20)

The equation 3.20 can be represented by the equivalent circuit in figure

3.14(a). For negative gate voltages, the surface is heavily accumulated and
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Qp dominates. Now Cp should be very high and approach a short circuit

(figure 3.14(b)). At small positive gate voltages the semiconductor surface

becomes depleted and the space charge region and interface trap charge

capacitance become important. In total, these two parallel capacitors

act in series to the oxide capacitance (figure 3.14(c)). At inversion there

would be accumulated electrons and for low ac frequencies they respond

simultaneously to the signal and the effective capacitance becomes Cox

(figure 3.14(d)). Figure 3.14(e) is for the case when inversion charges can

not follow the applied ac.

3.5.1 MOS fabrication

Al/Al2O3/p-Si MOS capacitors were fabricated using Al2O3 thin films

prepared by microwave plasma assisted ALD and by RF plasma assisted

ALD. The Al2O3 dielectric thin films deposited at different substrate tem-

peratures were used for MOScap fabrication. Two different ALD systems

were used for the deposition of the thin dielectric films: (1) Home made

microwave plasma assisted ALD system and (2) Fiji F-200 RF plasma

assisted ALD system by Ultratech (Cambridge NanoTech). Details re-

garding ALD systems and the thin film preparation conditions are already

detailed in the previous sections of this thesis (microwave plasma assisted

ALD in chapter 2 & RF plasma assisted ALD in section 3.2).

For all the depositions Boron doped p-type silicon (100) wafers with 1-5

Ω-cm resistivity were used as the substrate. Before depositions, the silicon

wafers were cleaned by standard RCA procedure followed by hydrofluoric

acid dip to remove the native oxides over the wafer. Electronic grade

chemicals purchased from Sigma Aldrich were used for the silicon sub-

strate cleaning. Al2O3 thin films were deposited over Si wafer at varying

substrate temperatures. The silicon substrate and the deposited Al2O3

act as the semiconductor and oxide respectively for the MOS capacitor.
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The gate metal of the MOS capacitor was made with aluminium in the

form of small dots. Aluminium metal depositions were done using vac-

uum thermal evaporator at a vacuum better than 2×10−5 mbar. Shadow

masks were used for the deposition of dot metal electrodes. Two different

shadow masks were used through out this work. One of them has dots

of three different sizes of 500 µm, 600 µm and 700 µm and the second

mask has 400 µm and 1000 µm dots. The unpolished back side of the

silicon wafer was cleaned with electronic grade buffered hydrofluoric acid

(5:1) and then coated with 100 nm aluminium metal for back contact.

The device was then annealed at 4000C for 30 minutes in foaming gas

(90% nitrogen and 10% hydrogen) ambient. Table 3.3 lists the different

MOS capacitors fabricated for the study. Except the Al2O3 deposition

conditions, all the fabrication and treatment steps done were similar for

all the MOS capacitors.

MOS capacitor Al2O3 deposition condition
MPALD-RT Microwave plasma ALD @ room temperature
MPALD-75 Microwave plasma ALD @ 750C
MPALD-100 Microwave plasma ALD @ 1000C
MPALD-125 Microwave plasma ALD @ 1250C
MPALD-200 Microwave plasma ALD @ 2000C
RFALD-40 RF plasma ALD @ 400C
RFALD-75 RF plasma ALD @ 750C
RFALD-100 RF plasma ALD @ 1000C
RFALD-150 RF plasma ALD @ 1500C
RFALD-200 RF plasma ALD @ 2000C

Table 3.3: List of different MOS capacitors fabricated for the study.
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3.5.2 Oxide capacitance & dielectric constant

The purpose of replacing SiO2 based dielectric in microelectronics is to

have a new material with high enough dielectric constant so that it can

provide a lesser electrical thickness with the same physical thickness as

that of SiO2 (the equivalent oxide thickness). At accumulation the capac-

itance contribution is only from the dielectric and the accumulation ca-

pacitance can directly give the oxide capacitance and hence the dielectric

constant. The capacitance-voltage characterizations of the MOS devices

were done at equilibrium. For attaining the equilibrium, a pre-soak volt-

age equal to the initial value of the voltage ramp was applied and sufficient

hold and delay times were given during the measurement. All the voltage

sweeps were done from inversion to accumulation. All the high frequency

MOS capacitor characterizations were done using Keithely semiconductor

characterization system model 4200 with a 4210 capacitance-voltage unit

integrated to it. Figure 3.15 shows the normalized capacitance-voltage
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Figure 3.15: High frequency Capacitance-Voltage characteristics of
MOS capacitor fabricated at room temperature with (a) Microwave

plasma assisted ALD and (b)RF plasma assisted ALD.

curves for MOS capacitors fabricated using (a) microwave plasma assisted
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ALD-Al2O3 and (b) RF plasma assisted ALD-Al2O3 deposited at room

temperature. These measurements were done at room temperature at

a frequency of 1 MHz. Amplitude of the AC signal was 30 mV and a

200 milliseconds sweep delay was applied to equilibrate the device. The

dielectric constants of the Al2O3 thin films prepared at different plasma

conditions and substrate temperatures were calculated from the 1 MHz

C-V curves.

The C-V characteristics of the MOS devices were found to depend on the

ac measurement frequency. Figure 3.16 shows the frequency dependent

C-V of MOScap made with microwave plasma assisted ALD-Al2O3 de-

posited at room temperature (MPALD-RT). With varying frequency the

C-V curves disperse from each other and dispersion becomes maximum at

accumulation. The dispersion behaviour is due to the presence of inter-

face state, which responds in time during lower frequency measurements

and can contribute to the total capacitance [132, 133]. As the frequency

decreases a step formation in C-V is evident from figure 3.16 which indi-

cates the presence of slow states near the interface [134, 135]. The slow

states can act as source of leakage in the MOS capacitor.

Al2O3 is a material with moderate dielectric constant; for bulk Al2O3 the

κ value is 9. The κ value obtained with microwave plasma assisted ALD

is slightly higher than the bulk κ value. Except the room temperature de-

posited film, all other films showed an increase in κ value with deposition

temperature. For RF plasma ALD the κ value increased gradually from

5.86 to 9.89 as deposition temperature increased from 400C to 2000C. This

increase in κ value was in coincidence with earlier reports [36]. For Al2O3

thin films deposited with RF plasma assisted ALD, the dielectric values

were slightly less than the MPALD Al2O3 thin films. The variation of

the dielectric constant values with deposition temperature for microwave

plasma assisted and RF plasma assisted ALD-Al2O3 are given in figure

3.17
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Figure 3.16: Frequency dispersion characteristics of MOS capacitor
fabricated with microwave plasma assisted ALD-Al2O3 deposited at

room temperature.
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Figure 3.17: Variation in dielectric constant with deposition tem-
perature for microwave plasma assisted ALD-Al2O3 and RF plasma

assisted ALD-Al2O3.

of the SiO2 layer that would be required to achieve the same capacitance

density as the high-κ material in consideration [136]. The EOT can be

calculated from physical thickness and dielectric constant of the thin films



Chapter 3. Plasma Assisted ALD-Al2O3 as a gate dielectric... 84

as

EOT =
κSiO2

κhigh−κ
× thigh−κ (3.21)
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Figure 3.18: Capacitance - voltage curves for microwave plasma as-
sisted ALD-Al2O3 based MOScaps by varying the Al2O3 deposition
temperature. The C-V measurements were done at 1MHz probing fre-

quency.

The EOT for Al2O3 thin film prepared at room temperature using MPALD

system was 11.06 nm and that using RF plasma ALD system was 10.93

nm. For same number of deposition cycles, the thickness of the thin films

prepared with microwave plasma ALD system was found to be higher

than that using RF plasma based ALD. A complete saturation of the

substrate surface caused by the presence of more reactive species can be

the reason for higher growth rate and thickness for MPALD method. The

growth per cycle for microwave plasma ALD at room temperature was

2.45 A0/cycle. The growth rate curve for Microwave plasma ALD is given

in section 2.6.1. The RF plasma deposition was done using the standard

recipe by Cambridge NanoTech and the growth per cycle at 400C was 1.6

A0/cycle.

Figure 3.18 and 3.19 show the effect of substrate temperature on C-V



Chapter 3. Plasma Assisted ALD-Al2O3 as a gate dielectric... 85

- 2 - 1 0 1 2 3
0 . 0

0 . 2

0 . 4

0 . 6
 4 0 0 C
 7 5 0 C
 1 0 0 0 C
 1 5 0 0 C
 2 0 0 0 C

Ca
pa

cit
an

ce
 de

ns
ity

 (m
F.c

m-2 )

G a t e  V o l t a g e  ( V )

Figure 3.19: Capacitance - voltage curves for RF plasma assisted
ALD-Al2O3 based MOScaps by varying the Al2O3 deposition temper-
ature. The C-V measurements were done at 1MHz probing frequency.

characteristics of the MPALD-Al2O3 and RFALD-Al2O3 respectively. For

MPALD-Al2O3 based MOScap, the capacitance value increases with in-

crease in deposition temperature. For room temperature MPALD depo-

sition, the C-V curve is on the negative side of the voltage axis and with

increasing substrate temperature it shifts towards the positive side. This

shift is caused by the presence of fixed oxide charges in the dielectric which

will discuss detail in section 3.5.4. For RFALD, all the C-V curves are in

the positive gate voltage side and with increase in deposition temperature

the curve shifts to negative direction.

3.5.3 Doping profile

The dependence of capacitance on space charge width forms the basic

of capacitance-voltage based doping profiling. Increasing the AC volt-

age from zero to a small positive voltage on the metal gate will add an
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additional charge (dQm) on the metal. For maintaining the charge neu-

trality an additional charge (dQs) develops on the semiconductor. The

semiconductor charge can be written as
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Figure 3.20: C-V and 1/C2 versus gate voltage curves for MOS ca-
pacitors fabricated with the minimum and maximum substrate tem-
peratures for RF plasma assisted ALD (a & b) and for microwave

plasma assisted ALD (c & d).
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Qs = qA

∫ W

0

(p− n+N+
D −N

−
A )dx (3.22)

where q is the electronic charge, A is the area of the capacitor, n & p are

electron and hole densities, N+
D & N−A are the number density of donor

and acceptor ions and W is the depletion width. On application of the

depletion approximation, the above equation can be written as

Qs ≈ −qA
∫ W

0

NAdx (3.23)

Accordingly the differential capacitance can be written as

C = qANA(W )
dW

dV
(3.24)

When we compare the space charge region with a parallel plate capacitor,

the capacitance can be written as

C =
κsε0A

W
(3.25)

where κs is the dielectric constant of the semiconductor and ε0 is the

permittivity of free space. Taking derivative of equation 3.25 with respect

to voltage and substituting in equation 3.24 will give

NA(W ) =
2

qκsε0A2d(1/C2)/dV
(3.26)

From equation 3.26, by knowing the slope of the Mott-Schottkey plot

(1/C2 vs gate voltage), the carrier density can be calculated at any depth

inside the semiconductor. Figure 3.20 shows the combined C-V and Mott-

Schottkey plot for MPALD and RFALD based MOScap at the minimum

and maximum substrate temperatures used for Al2O3 deposition. The

equation 3.26 is originally for metal-semiconductor contacts and if the

interfacial layer thickness is small then the same equation can also be
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used for carrier density calculation of MOS capacitors. For MOS capaci-

tors, while taking the depletion width expression, we should consider the

capacitance contribution by the oxide layer also i.e.,

W = κsε0A(
1

C
− 1

Cox
) (3.27)

where C is the total capacitance and Cox is the oxide capacitance. While

applying an AC voltage the charges that actually move are the holes and

not the doped ions, hence equation 3.26 actually measures the apparent

carrier density instead of doping density [131]. But in the case of uni-

form doping the apparent carrier density, majority carrier density and

the doping density will be practically the same. The majority carrier
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Figure 3.21: Doping profiles for MOScaps fabricated using MPALD
& RFALD based Al2O3 at the maximum and minimum deposition
temperatures. (a) & (b) RFALD based moscap, Al2O3 deposited at
room temperature & 2000C. (c)&(d) MPALD based moscap, Al2O3

deposited at 400C & 2000C.
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density’s deviation from the doping density is governed by the extrinsic

Debye length (λ),

λ =

√
κsε0kT

q2NA

(3.28)

more generally called the Debye length, is a measure of the distance over

which a charge imbalance is neutralized by majority carriers under steady

state or equilibrium conditions [131]. Figure 3.21 shows the doping con-

centration profiles for the ALD-Al2O3 based MOScaps.

3.5.4 Oxide charges

The oxide charges present in a gate dielectric can be classified into three

different groups (1)mobile charges, (2) trapped oxide charges and (3) fixed

oxide charges. Mobile charges are mainly due to Alkali metal ions. Mobile

charges are harmful for the device and can be avoided by careful prepara-

tion and handling of the device. Trapped oxide charges seem to locate at

the interface between the oxide and semiconductor or at the oxide metal

interface. Trapped charges due to ion implantation is an exception and

they can spread in the oxide. The oxide charges that remain after the an-

nealing out of interface traps is known as fixed oxide charges [127]; they

can not change their charge state and have no electrical communication

with the semiconductor. The fixed oxide charge in a gate dielectric can

change the threshold voltage of the MOSFET. The oxide charges alter the

surface potential and it will affect the surface currents.

The amount of oxide charges present in a gate dielectric can be quantified

by measuring the flat band voltage shift in MOScap characteristics. As

the flat band voltage represents the voltage drop at zero applied gate volt-

age, from equation 3.18 it is clear that the flat band voltage can be written

as a function of oxide charges and metal-semiconductor work function dif-

ference. A large quantity of interface state density will lead to erroneous
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value of oxide charges. By using chemicals having sufficient purity for the

desired purpose and by careful utilization of the present day sophistica-

tion available in deposition techniques one can easily avoid the presence

of mobile carriers in gate dielectric. The trapped oxide charges can be

reduced to a required extent by foaming gas annealing. From C-V char-

acteristics the flat band voltage is measured as the voltage corresponding

to the flat band capacitance. The flat band capacitance is given by

CFB =
Cox

εsA

λ

Cox +
εsA

λ

(3.29)

where λ is the extrinsic Debye length as specified by equation 3.28, A

is the area of the MOScap, Cox is the oxide capacitance and εs is the

permittivity of the semiconductor.The fixed oxide charge density Nox is

given by

Nox =
Cox(φms − VFB)

qA
. (3.30)

where VFB is the flat band voltage and φms is the metal-semiconductor

workfunction difference. The φms value is taken as -0.1 eV. The φms is

calculated by taking vacuum workfunction for aluminium as 4.2 eV, the

electron affinity for silicon as 4.05 eV and by considering fermi level of

silicon 250 meV below the conduction band minimum [137]. Figure 3.22

shows the C-V characteristics of the MOScap fabricated with RF plasma

assisted ALD-Al2O3 with Al2O3 deposited at different substrate temper-

atures. For all MOScap the flat band shift is towards the positive gate

voltage side, which indicates the presence of negative fixed oxide charges

in the Al2O3 gate dielectric. The flat band voltage shift is maximum for

MOScap fabricated at lower temperature. With increasing substrate tem-

perature, the flat band shift reduces gradually and have minimum value

for Al2O3 deposited at maximum substrate temperature. But from figure
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perature.
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3.18 it can be observed that the capacitance value also increases with de-

position temperature due to thickness reduction. Hence the fixed oxide

density remains almost constant with deposition temperature.

The sign of fixed oxide charges is assumed to be negative for Al2O3 thin

films, irrespective of the deposition technique [8, 137–140]. Contrary to

that for the room temperature MPALD deposition, the net polarity of

the fixed oxide charges is positive as indicated by the negative shift in flat

band voltage. The oxide charge polarity is reversed to negative at higher

deposition temperatures and the flat band shift towards positive side in-

creases gradually with substrate temperature. Even though it is very

small, the higher capacitance and higher flat band voltage shift at higher

deposition temperatures represent an increase in fixed oxide charges with

deposition temperature. For MPALD-Al2O3 based MOScap, with increas-

ing substrate temperature the flat band voltage shifts to the positive gate

voltage side together with an increase in capacitance. This indicates an

increase in fixed oxide density with increasing substrate temperature. In-

creasing fixed oxide density with deposition temperature is reported in

literature for thermal ALD-Al2O3 [140]. For RF plasma assisted ALD

the increase in flat band voltage and oxide capacitance are in opposite
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directions with varying temperature. Hence the fixed oxide charge den-

sity remains constant irrespective of the deposition temperature. Figure

3.24(a) shows the variation of fixed oxide charge density with respect to

substrate temperature. The oxide charge density remains in the same or-

der of magnitude (1012cm−2) for all the depositions. Similar behaviour of

fixed oxide charges with deposition temperature was reported in literature

[137]. The variation of oxide charge density with equivalent oxide thick-

ness is plotted in figure 3.24(b). Evidences were reported in literature

for the existence of fixed oxide charges in the interface with the substrate

[141–143] and figure 3.24(b) also supports this.

Since its birth, thermally grown silicon based oxides were the gate dielec-

tric materials for MOSFETs. The oxide charges present in thermal oxides

of silicon were positive in nature [131, 144]. Many experiments on plasma

assisted ALD of Al2O3 reported negative fixed oxide charges in the oxide.

Our present investigations on Microwave & RF plasma assisted deposi-

tions of Al2O3 also found to have negative fixed oxide charges. Out of the

octahedral and tetrahedral bonding environments of Al atoms in Al2O3

the second type has a net negative charge and was assumed to cause a

negative fixed charge density [145]. A constant value of fixed oxide density

with respect to equivalent oxide thickness indicates that the fixed charges

are located at the interface of Al2O3 for both microwave plasma and RF

plasma assisted ALD. All the fixed oxide charge density calculations were

done after post deposition foaming gas annealing. There are earlier re-

ports of increase and decrease in fixed oxide density with post deposition

annealing for plasma assisted ALD-Al2O3 thin films [8, 137, 146]. A soft

control over fixed oxide density is beneficial to several electronic applica-

tions [8], even though some mechanisms are proposed for the formation

of fixed oxides in dielectric structures, debates are still going on in this

respect.
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3.5.5 Interface defect studies

Due to the presence of interface defect states, the profiling and control of

the oxide-semiconductor interfacial region is important for micro and nano

electronics performance. Interface defect density can directly impact the

device mobility [136]. As the device size shrinks more and more, the effect

of interface become more critical. Even with the technological advances,

a hetero dielectric/silicon interface can be made only with the presence of

an interfacial layer. This interfacial layer would be either oxide of silicon

or mixed oxide of silicon and hetero-dielectric. A hetero interface between

high-κ and semiconductor is vulnerable to defect states (due to its bond-

ing peculiarities and amorphous nature of high-κ) like (1) increased bond

ionicity and oxygen atom coordination, (2) reduced conduction band off-

set energies as compared with Si-SiO2, (3) interface trap associated with

localized metal atom d states and (4) interfacial fixed charges associated

with heterovalent character of interfaces [147]. In comparison with other

high-κ materials Al2O3 is found to have higher density of interface and

fixed charge densities [148].

The electrical properties of the interface states were characterized by their

density, position in the silicon energy gap, and capture cross section [149].

There are several experimental methods for the characterization of the in-

terface states. Stretch out in MOS capacitance due to interface states is

utilized in Termann method [150]. But it is difficult to distil out other

capacitance components (oxide and depletion capacitance). High-low fre-

quency capacitance method developed by Kar and Dahlke is based on mea-

suring the capacitance contribution by the interface states [145]. Charge

pumping is another method of interface characterization, but it requires

FET structure. For gate oxides having small thickness, the most accurate

method for interface trap characterization is the conductance method.

The conductance method was developed by E. H. Nicollian and A. Goet-
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zberger in 1967 [149]. The equivalent circuits for conductance measure-

ments of a MOS capacitor in the presence of interface charges are given in

figure 3.25(a). By trapping and releasing the mobile carriers, the interface

traps can contribute additional capacitance to the MOS. The conductance

loss arising out of the capture and emission of carriers by interface states

is measured in the conductance technique. The capture and emission of

carriers by the interface states is a lossy process, represented by the re-

sistance Rit. It is convenient to replace the circuit in figure 3.25(a) by

3.25(b), where Cp and Gp are given by[131]

Cp = Cs +
Cit

1 + (ωτit)2
(3.31)

Gp

ω
=

qωτitDit

1 + (ωτit)2
(3.32)

where Cit=q
2Dit, ω=2πf (f is the measurement frequency)and τit=RitCit.

From equation 3.32, when ωτ � 1, Gp/ω ≈ 0 and for ωτ � 1, Gp/ω tends
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to become zero. This gives the situation at which the interface traps can-

not respond to ac signal and hence there is no energy loss. When ωτ ≈ 1,

Gp/ω has maximum value and then the time constant of the trap is com-

parable to time period of the interface trap states and the occupancy of

the traps will change with a lag to ac signal. The equations 3.31 and 3.32

are for a single interface trap within the band gap of the semiconductor.

In every C-V and G-V measurements there will be effects of series resis-

tance (Rs). Figure 3.26 shows the measured conductance versus gate volt-

age curve at different frequencies for MOScap fabricated with MPALD-

Al2O3 deposited at a substrate temperature of 2000C. Conductance curves

for all the MOS capacitors used in the present study show a similar be-

haviour as that of figure 3.26. The dispersion caused by series resistance

is the reason for observed higher conductance at higher frequencies. The

variation of series resistance with gate voltage as a function of frequency

is shown in figure 3.27. The series resistance gives peaks due to conduc-

tance losses by interface traps. Hence the measurement of series resis-

tance will give a peak at the depletion region and was found to decrease

with increasing frequency. The nature of series resistance variation is the

same for all MOScaps fabricated in this study. If there is conductance

due to tunnelling of charge carriers, it will generate a linearly decreasing

conductance curve in accumulation. After correcting for series resistance

and tunnelling currents, we can isolate the interface trap effects in con-

ductance [151]. This kind of corrected conductance curve are used for

interface state density determination.

The major source of series resistance is the bulk of the wafer. The series

resistance can cause deviations from actual behaviour while extracting

interfacial characteristics and doping profiles [115, 127, 152, 153]. The se-

ries resistance can be deduced from capacitance and conductance values

in the accumulation region as [127]
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Rs =
Gm

G2
m + ω2C2

m

(3.33)

where Gm and Cm are the measured conductance and capacitance in ac-

cumulation. The corrected capacitance C and corrected conductance G

are given by

C =
(G2

m + ω2C2
m)Cm

a2 + ω2C2
m

(3.34)

where a = Gm − (G2
m + ω2C2

m)Rs and

G =
(G2

m + ω2C2
m)a

a2 + ω2C2
m

(3.35)
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The effect of series resistance is critical for low interface trap level density
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Figure 3.28: Combined Capacitance-Voltage (C-V) and
Conductance-Voltage (G-V) characteristics (1 MHz) of MOScap

based on MPALD-Al2O3 deposited at room temperature.
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ture.

measurements [127].

Usually the interface states are distributed continuously throughout the
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ALD
Temperature (0C)

Dit (MPALD)
(cm−2 eV−1)

Dit (RFALD)
(cm−2 eV−1)

Room Temperature 3.1716×1011

40 2.1696×1010

75 5.589×1010 2.436×1010

100 4.141×109 2.2172×1010

125 5.3714×1010

150 3.9982×1010

200 1.9542×1011 4.3347×1010

Table 3.4: Interface trap level density values for plasma assisted
ALD-Al2O3
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bandgap of the material. For a distribution of interface trap levels over the

semiconductor bandgap, transitions occur between the majority carrier

band and interface trap levels in an energy interval of a few kT wide

about the Fermi level. Each interface trap level in this energy interval

contributes a different energy loss depending on its distance in energy

from the Fermi level. As a result each interface trap level in this interval

must have a different time constant [127]. So the normalized conductance

becomes [131]
Gp

ω
=

qDit

2ωτit
ln[1 + (ωτit)

2] (3.36)

The Gp/ω versus ω curve gives a peak at ω = 1/τit. For equation 3.36

ω ≈ 2/τit [149] and hence at maximum

Dit ≈
2.5

q
(
Gp

ω
)max (3.37)

The same equation can be used for Gp/ω versus gate voltage curves.

Figure 3.28 is the combined capacitance and corrected conductance ver-

sus gate voltage curve showing the conductance peak in depletion region

of the C-V characteristics. From the peak of figure 3.28, the interface

state density for room temperature MPALD-Al2O3 deposited over p-Si

was calculated as 3.17×1011 cm−2 eV−1. The frequency dependence of

interface defects at MPALD-Al2O3/p-Si interface are shown in figures

3.29 and 3.30. Figure 3.29 represents the frequency dependence of room

temperature MPALD-Al2O3/p-Si interface, for which the interface state

respond almost independent of the frequency of applied ac voltage. Fig-

ure 3.30 shows the frequency dependence of high temperature deposited

MPALD-Al2O3/p-Si interfaces. As expected the interface states become

more active at lower frequencies. Figure 3.31 shows the frequency de-

pendent corrected conductance-voltage characteristics of RFALD-Al2O3

based MOScap with RFALD-Al2O3 deposited at different substrate tem-

peratures. The location of the charge can be established by varying the
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Figure 3.31: Frequency dependent conductance-Voltage characteris-
tics of RFALD-Al2O3 prepared at 400C

thickness of the deposited oxide or etching it with repeated measurements.

3.5.6 Leakage characteristics

For scaling down the microelectronic device, it is necessary to reduce the

gate oxide thickness. Increased leakage currents and higher power dissi-

pation are the natural consequences of thickness reduction. The usage

of high-κ materials provided a chance to reduce power loss by increas-

ing the physical thickness of the gate dielectric material. At the same

time aspects like barrier height reduction with silicon and reduced metal

gate work function will lead to tunnelling through oxide and act as addi-

tional sources of leakage currents. The undesired leakage currents flowing

through the MOS system and the corresponding conduction mechanisms

can be evaluated using Current - Voltage measurements. Quantification
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of the leakage current through a MOS device is a good measure of its

reliability.
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Figure 3.32: Leakage current density with electric field across the
gate dielectric for MPALD-Al2O3 prepared at different substrate tem-

peratures.
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Figure 3.33: Leakage current density with electric field across the
gate dielectric for RFALD-Al2O3 prepared at different substrate tem-

peratures.
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Figure 3.32 shows the current-voltage characteristics of Al/MPALD-Al2O3/p-

Si MOS structures with MPALD-Al2O3 thin films deposited at different

substrate temperatures. Figure 3.33 shows the similar characteristics for

RF plasma assisted ALD-Al2O3 thin films. As similar to earlier reports

the leakage characteristics almost remain unaffected by deposition tem-

perature [119, 140]. In the present study, the thin films of Al2O3 prepared

by both the plasma assisted modes of ALD were found to be leaky in na-

ture. The large current values at negative bias is caused by the electrons

injected from the aluminium electrode. On positive side the current value

is less in comparison with the negative side and saturates early with gate

bias because of the minority carriers injected from the p-type semicon-

ductor substrate [154].

3.5.7 Conclusions

ALD-Al2O3 thin films were deposited using two different modes of plasma

assisted ALD: Microwave plasma assisted ALD and RF plasma assisted

ALD. The growth rate for microwave plasma assisted ALD was found to

be higher than RF plasma ALD. The deposited thin films were amorphous

in nature. The microwave plasma assisted ALD films were oxygen rich

and the presence of hydroxyl group was identified from the XPS spec-

tra. These films were found to have a little carbon incorporation in them.

The density and refractive index for the plasma assisted ALD thin films

are in agreement with earlier reports. Electrical characterization of the

Al2O3 thin films were done by fabricating MOS structures using them.

The growth rate of the MPALD thin films were found higher in compar-

ison with RFALD films. The thickness of the thin films were found to

decrease with increasing deposition temperature. The dielectric constant

is also found better for the MPALD thin films. Frequency dispersion was

observed in all the C-V characteristics due to the presence of interface
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states. All the thin films were found to be little bit leaky from I-V char-

acteristics. The fixed oxide charge density and the number density of

interface states in Al2O3 thin films prepared in our home made MPALD

system were found to be comparable to that prepared using commercial

ALD system and are acceptable values for gate dielectric applications.

Better understanding of the negative fixed charge density and their vari-

ation with substrate temperature will open door towards its application

in solar cell passivation.



Chapter 4

Deposition and

characterization of Thermal

ALD-Al2O3

The energy enhanced forms of ALD like plasma assisted ALD came into

scene only after 30 years of research and development of the conventional

thermal ALD. Usually, there will be sufficient heating arrangement in ev-

ery plasma assisted ALD system to incorporate the thermal mode along

with plasma mode. Atomic layer deposition is a technique capable of

achieving high film quality at moderate process temperatures [9, 14].

Thermal atomic layer deposition of Al2O3 thin films using trimethyla-

luminum and water is considered as a model system for ALD. The surface

reaction during thermal ALD-Al2O3 is studied by several groups and the

binary surface reactions included in this process are given by

AlOH∗ + Al(CH3)3 → AlOAl(CH3)∗2 + CH4 (4.1)

AlCH∗3 +H2O → AlOH∗ + CH4 (4.2)

105
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where the asterisks represent the surface species [80, 96, 155–157]. This

chapter deals with the thermal ALD deposition of Al2O3 thin films, fab-

rication of MOS structures using them and their characterizations.

4.1 Thermal ALD-Al2O3 over plasma ALD

The conformality of the deposited thin films and the possible thickness

control are the key features that enabled the ALD technique to get cre-

dential over CVD and PVD. The plasma assisted atomic layer deposition

has either scaled up some ALD features or added something additional.

Even though the plasma assisted ALD has a number of advantages over

the thermal ALD, there are some drawbacks also. The major drawback of

plasma assisted ALD in comparison with thermal ALD is the limited con-

formality on high aspect ratio structures [19, 35, 112]. The conformality

of the plasma based process is limited due to the surface recombination

of radicals during the plasma step. Another possible drawback is collision

induced defects by high energy species from plasma [58] and the complex-

ity in reactor design. The reactive species from plasma can cause surface

reactions including oxidation and nitridation of the top surface layers of

the substrate [19, 68].

4.2 Atomic layer deposition of Al2O3 thin

films

Al2O3 thin films were deposited over two inch p-type silicon(1 0 0) wafer

having 1-5 Ω-cm resistivity. Before deposition, the silicon wafer was

cleaned with standard RCA procedure followed by a hydrofluoric acid dip.

The RCA cleaned silicon wafers were transferred to the reaction chamber
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at the earliest. 100 ALD cycles were used for the deposition of Al2O3 thin

films. Two different ALD systems were used for the deposition: home

made ALD system and Fiji F 200 ALD system of Cambridge NanoTech.

ALD system Temperature (0C) TMA purge(s) H2O purge (s)
150 40 180
175 40 180

Home made 200 20 60
225 20 60
250 20 60

Table 4.1: Optimized purge timings for thermal ALD-Al2O3 deposi-
tion in home made ALD system

ALD system Temperature (0C) TMA purge(s) H2O purge (s)
100 30 30
150 20 20

Fiji 200 10 10
250 8 8
300 5 5

Table 4.2: Standard precursor purge timings for thermal mode Al2O3

deposition in Cambridge NanoTech’s Fiji F200.

Deposition was carried out using both these systems at different substrate

temperatures. In home made ALD system, deposition temperature was

varied from 1500C to 2500C with 250C interval. In Fiji ALD system the

deposition temperature variation was from 1000C to 3000C with 500C in-

terval. Trimethylaluminum (TMA)(Al(CH3)3) and water (H2O) were the

precursors used for deposition of Al2O3 thin films. For the home made

ALD system the pulse time for both TMA and water was 300 millisec-

onds. In this system 300 millisecod is the minimum possible pulse time.

For Fiji F 200 ALD system the pulse time was 60 millisecond for both the

precursors. The purge time required for Al2O3 deposition is not the same
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for all substrate temperatures, because at higher deposition temperatures

the residual species after deposition can be desorbed easily [158]. For

lower deposition temperatures the desorption and hence the removal of

residual un-reacted precursor molecules and reaction by products will take

more time. The table 4.1 and 4.2 show the purge timings corresponding

to different deposition temperatures in the two ALD systems.

4.3 Film growth rate & density

Figure 4.1 shows the thickness reduction of ALD-Al2O3 thin film with

increase in deposition temperature. Similar nature of thickness reduction

was reported by several groups and the reduced number of available OH

reaction sites is attributed as the reason for this thickness reduction with

substrate temperature [3, 80, 81, 93, 120]. The ALD growth on a substrate

surface is governed by available surface reaction sites and by the reaction

kinetics [80, 96, 119]. At higher temperatures partial self-decomposition

of TMA may also affect the growth rate [81]. Almost same behaviour

of thickness reduction was observed in Fiji ALD system and is shown in

figure 4.2.

While comparing with the plasma assisted ALD results obtained in the

previous chapter, we can see that the thermal ALD-Al2O3 also shows

thickness reduction with increasing deposition temperature. But the

thickness reduction for plasma assisted ALD (figure 3.3) was more lin-

ear than the thermal ALD case. From figure 2.17 and 2.18 we can see

that the GPC vs number of cycles is a straight line for plasma assisted

ALD even for few numbers of deposition cycles. So there is a chance that

the growth in plasma assisted ALD is limited only by the number of OH

sites. But for thermal ALD the growth may be limited by the presence of

OH sites and by steric hindrance.
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Figure 4.1: Thickness variation of thermal ALD-Al2O3 thin films
deposited using home made ALD system.

The growth rate of plasma assisted ALD thin films were found to be

higher than thermal ALD films. This is a well established result with

a number of supporting literature reports [35, 109]. In home made ALD

system the maximum thickness obtained at the minimum 1500C substrate

temperature with 100 deposition cycles is 16.2 nm. In Fiji ALD system,

12.23 nm Al2O3 was deposited at the minimum 1000C deposition temper-

ature for the same number of ALD cycles. A minimum film thickness of

12 nm was recorded at 1500C. But for plasma assisted ALD the maximum

thickness in home made ALD system at room temperature was 24.4 nm

and at 1000C was 18.48 nm. In RF plasma assisted mode of Fiji F 200

ALD system, the maximum thickness was 16.44 nm at 400C substrate

temperature. The Fiji ALD system has given a maximum thickness of

12.3 nm at 2000C for thermal ALD. In Fiji thermal ALD the film thick-

ness remained almost constant for temperatures up to 2500C, after which
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Figure 4.2: Thickness variation of thermal ALD-Al2O3 thin films
deposited using Fiji F 200 ALD system.

it reduced to 10.6 nm at 3000C.

The density of thermal ALD thin films deposited at different tempera-

tures in the home made ALD system was obtained from X-ray reflectivity

measurements and is plotted in figure 4.3. A reduction in film density

was observed with decrease in deposition temperature. Similar results

are reported in literature [119, 155]. The refractive index value of all the

thermal ALD-Al2O3 thin films measured using XRR or ellipsometry are

shown in figure 4.3. The average refractive index value of thermal ALD-

Al2O3 thin films was around 1.6. But for plasma assisted ALD-Al2O3, the

refractive index was slightly less (Figure 3.4). This variation in refractive

index between plasma assisted ALD-Al2O3 and thermal ALD-Al2O3 was

already noted and reported by researchers [68, 98, 119, 120].
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Figure 4.3: Substrate temperature dependence of refractive index
for thermal ALD-Al2O3 using home made and FIji ALD systems and

density dependence for home made thermal ALD-Al2O3.

4.4 Morphology & composition

Surface morphology and composition of the thermal ALD-Al2O3 thin films

deposited in our home made ALD system was studied using FESEM and

X-ray photoelectron spectroscopy respectively.

4.4.1 FESEM

As in the case of microwave plasma assisted films some island like struc-

tures are visible in the thermal ALD-Al2O3 films also. The FESEM im-

ages for samples deposited at 1500C, 2000C and 2500C are given in figure

4.4(a), 4.4(b) and 4.4(c) respectively. A small increase in the size of the

island like structure was found in microwave plasma assisted ALD films.

But for the TALD films the size of the island like structures remains al-
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(a) (b)

(c)

Figure 4.4: FESEM images of TALD-Al2O3, deposited at different
substrate temperatures (a)1500C, (b)2000C and (c) 2500C.

most the same irrespective of the deposition temperature (images 4.4(a)

and 4.4(b) are at 20 nm scale and 4.4(c) at 10 nm scale).

4.4.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy measurements were done to study the

elemental composition and the chemical structure of the Al2O3 thin films.

The presence of Al 2s, Al 2p and O 1s spectra reveals the Al2O3 deposition.

For lower deposition temperatures the Al 2p peak is around 74.17 eV,

while for 2000C the Al 2p peak is around 74.65 eV. O 1s spectra also

show a similar kind of shift with deposition temperature. The Al 2p

spectra and the O 1s spectra are shown in figure 4.5 and 4.6 respectively.

The energy difference between Al 2p and O 1s remains around 456.85 eV

for all deposition temperatures and this value is close to earlier reports for
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Figure 4.5: Al 2p spectra for thermal ALD-Al2O3 deposited at dif-
ferent substrate temperatures.

aluminium oxide and nitride [159, 160]. Similar to the microwave plasma

assisted ALD-Al2O3, the thermal ALD-Al2O3thin films also remain in

only one charge state.

Figure 4.7 gives a comparison between O 1s spectra of Al2O3 thin films

prepared by MPALD and thermal ALD. As in the case of plasma assisted

ALD-Al2O3, we can see a broadening at higher binding energy side of O 1s

spectra of the thermal ALD-Al2O3. The broadening indicates the presence

of hydroxyl group and is present in samples prepared at all deposition

temperatures. In comparison, more hydroxyl group formation is evident

for MPALD samples.

C 1s spectra centered around 284 eV is an indication of adsorbed methyl

species [161], which seems to vary with deposition temperature; but the

variation is not regular with substrate temperature. Peak around 288 eV

corresponds to carbonate species [125]. A small peak which correspond

to silicate formation is found around 104 eV in the Al 2s spectra. This

peak is prominent only for high temperature deposition.
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Figure 4.6: O 1s spectra for thermal ALD-Al2O3 deposited at differ-
ent substrate temperatures.
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Figure 4.7: Comparison of O 1s spectra for thermal ALD and mi-
crowave plasma assisted ALD
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Figure 4.8: C 1s spectra for thermal ALD-Al2O3 deposited at differ-
ent substrate temperatures.
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Figure 4.9: Al 2s spectra for thermal ALD-Al2O3 deposited at dif-
ferent substrate temperatures.
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4.5 Electrical characteristics of thermal ALD-

Al2O3

The electrical characterizations of thermal ALD-Al2O3 thin films were

done by fabricating MOS capacitor structures. A number of Al/Al2O3/p-

Si MOS capacitors were fabricated with thermal ALD-Al2O3 thin films de-

posited at different substrate temperatures. Similar to microwave plasma

assisted ALD-Al2O3 based MOS capacitors, thermal ALD-Al2O3 based

MOS capacitors were fabricated in three different sizes (500, 600 & 700

µm diameter). 100 nm thick top and bottom aluminium electrodes were

deposited using vacuum thermal evaporator. The MOS capacitors were

annealed at 4000C for 30 minutes in foaming gas ambient.

4.5.1 Oxide charges

Figure 4.10 and 4.11 show the variation in flat band voltage with depo-

sition temperature for MOS capacitors fabricated with ALD-Al2O3 de-

posited using the home made system and Fiji F 200 ALD system respec-

tively. The determination of fixed oxide charge density was done after

a post deposition foaming gas anneal using the same methodology men-

tioned in section 3.5.4. For the home made ALD samples, the flat band

voltage is on the positive side of the applied gate voltage which indicates

the presence of negative fixed oxide charges. The variation in flat band

voltage is not regular with deposition temperatures. Al2O3 thin films

deposited using Fiji F 200 ALD system show a regular variation in flat

band voltage to the positive side with decreasing deposition temperature.

The variation of flat band voltage with deposition temperature exhibits

similar trend for both plasma assisted and thermal ALD using the Fiji

ALD system. Thin film deposited at 3000C using Fiji ALD system show
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Figure 4.10: Normalised C-V characteristics showing the flat band
voltage shift of MOS capacitors with thermal ALD-Al2O3 deposited at

different substrate temperatures in home made ALD system.
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Figure 4.11: Normalised C-V characteristics showing the flat band
voltage shift of MOScaps with thermal ALD-Al2O3 deposited at dif-

ferent substrate temperatures in Fiji F 200 ALD system.
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Figure 4.12: Variation in fixed oxide charge density with deposition
temperature for homemade ALD-Al2O3 & for Fiji F 200 ALD-Al2O3.

negative flat band voltage shift, which indicates net positive fixed oxide

charge in this film.

Figure 4.12 shows the fixed oxide charge density with varying deposition

temperature. The fixed oxide charge density remains within same order of

magnitude (1012cm−2) for thermal ALD-Al2O3 thin films prepared using

the home made ALD system and Fiji ALD system in thermal mode. Fixed

oxide charge density in the order of 1011cm−2 and 1012cm−2 for thermal

ALD-Al2O3 were reported in the literature [137, 162]. Section 3.5.4 of

this thesis is about the oxide charges in ALD-Al2O3 thin films prepared

in plasma mode ALD. On a comparison it is clear that there is no distinct

variation of fixed oxide charge density between the thermal and plasma

assisted ALD-Al2O3 thin films.
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Figure 4.13: Comparison of corrected conductance curves for ALD-
Al2O3 deposited at 1500C using home made ALD system and Fiji F

200 ALD system.

4.5.2 Interface trap states

The number density of interface trap states was determined from con-

ductance method. Figure 4.13 shows the corrected conductance vs gate

voltage curve for ALD-Al2O3 thin film based MOS capacitor, where the

samples were prepared using the home made ALD system and Fiji F 200

ALD system at 1500C in thermal mode. Interface state density was cal-

culated from the conductance maximum using equation 3.37. A higher

peak of Gp/ω curve represents an increased density of interface states.

For thermal mode ALD, the interface state density for the deposited thin

films using the home made ALD system has a lower value in comparison

with Fiji F ALD system. The interface state density values of thermal

ALD-Al2O3 thin films deposited at different substrate temperatures are

tabulated in table 4.3. The obtained interface state density values for

home made thermal ALD films is in the 109cm−2 eV−1 order. But ther-

mal ALD films in Fiji system have interface state density of the order of
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ALD Temp-
erature (0C)

Dit for
Home made (cm−2 eV−1)

Dit for
Fiji F 200 (cm−2 eV−1)

100 - 2.29×1010

150 2.35×109 1.86×1010

175 4.77×109 -
200 3.21×109 3.31×1010

250 1.47×1010 4.77×109

300 - 2.69×1010

Table 4.3: Interface trap level density for thermal ALD-Al2O3 films
deposited at different substrate temperatures.

109cm−2 eV−1. Both these values are in the acceptable limit for gate di-

electric application. While comparing the interface state density values of

thermal ALD samples with that of plasma ALD samples (section 3.5.5),

we can see that the interface state density values are lower for thermal

ALD depositions.

4.5.3 Leakage current

Figure 4.14 shows the leakage current density as a function of applied elec-

tric field for thermal ALD-Al2O3 thin films deposited using home made

ALD system at different substrate temperatures. Thin films deposited at

all substrate temperatures exhibited similar behaviour of leakage. The

leakage current is measured using MOS capacitor structure made out of

ALD-Al2O3 thin films. The leakage is more in the forward bias region

of the applied voltage. The sharp increase in the leakage with applied

voltage in the negative gate voltage side is expected to be due to the

Fowler-Nordheim tunnelling.

Figure 4.15 is the leakage current density vs applied electric field curve

for thermal ALD-Al2O3 thin film deposited in Fiji ALD system at differ-

ent substrate temperatures. The curves represent an irregular variation in
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Figure 4.14: Leakage current density for ALD-Al2O3 thin films de-
posited at different substrate temperatures using home made ALD sys-

tem

- 6 - 4 - 2 0 2 4
1 E - 9

1 E - 7

1 E - 5

1 E - 3

0 . 1  1 0 0 0  C
1 5 0 0  C
2 0 0 0  C
2 5 0 0  C
 3 0 0 0  C

 J(
A/

cm
2 )

E  ( M V / c m )

Figure 4.15: Leakage current density for ALD-Al2O3 thin films de-
posited at different substrate temperatures using Fiji F 200 ALD sys-

tem
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leakage current with respect to deposition temperature. Films deposited

at 1500C and 3000C have fairly good leakage current values but the leakage

characteristics of all the other thin films are not as good for gate dielec-

tric applications. Any how the leakage current density values are better

than leakage values of plasma assisted ALD-Al2O3 thin films discussed in

section 3.5.6.

4.6 Conclusions

Atomic layer deposition has emerged and grown in the initial period as

a temperature assisted method of thin film deposition having a number

of advantages over chemical vapour deposition and any forms of physical

vapour deposition. Plasma assisted ALD was developed as a modified

form of conventional thermal mode ALD and now dominates over thermal

ALD. But still the conventional thermal ALD has a favourable position in

terms of conformality and defect less nature. In the present work thermal

ALD-Al2O3 thin films were deposited at different deposition temperatures

in two different ALD systems: a home made ALD system and Fiji F 200

ALD system by Cambridge NanoTech. The deposition time for thermal

ALD at lower deposition temperatures is higher due to lengthy purge

requirement. In home made ALD system, the minimum possible pulse

time is 300 millisecond. This will allow excess precursor to the deposition

chamber than it required for surface saturation. The excess H2O precursor

will increase the purge time requirement. The growth rate of films in the

home made ALD system is higher than that in Cambridge NanoTech’s Fiji

F 200 ALD system. The structural and compositional characterizations

confirmed the formation of ALD-Al2O3 thin films. MOS capacitors were

fabricated with deposited thin films for their electrical characterizations.

The oxide charge density remains invariant with temperature in a 1012
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cm−2 order for deposition in both the ALD systems. The interface state

density is found to be almost an order of magnitude less for ALD-Al2O3

depositions in the home made ALD system. The thermal ALD-Al2O3

films have all the necessary qualities required for industrial gate oxide

purpose except the higher leakage current values. The interface state

density values are much better in comparison with the plasma assisted

ALD-Al2O3 thin films described in the previous chapter.





Chapter 5

Plasma assisted ALD of

Higher-κ HfZrO2 thin films

5.1 Introduction

After dominating for around four decades, the SiO2 dielectric in MOS

devices has been replaced by hafnium based dielectrics. The introduction

of high-κ/metal gate devices enabled the effective reduction of equivalent

oxide thickness without compromise in leakage current. This rendered

the microelectronics industry to continue the historical scaling trends as

proposed by Gordon E Moore. The non planar device architecture was in

production from 22 nm node technology [163]. The experimental efforts

to reduce the EOT further beyond 1 nm or less has been diluted by the

invention of non planar device architectures. According to 2013 ITRS the

scaling technologies based on equivalent scaling (like strained silicon and

high-κ/metal gate) will be the supporting technique for microelectronics

scaling upto the end of this decade and beyond [48]. So any advancement

125
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in the direction of equivalent scaling can contribute towards further de-

velopments in microelectronics industry. HfO2 is the widely used high-κ

dielectric material having a κ value around 20 [164]. Any material having

a κ value higher than that of HfO2 can be called as higher-κ material.

The work included in this chapter deals with the efforts to increase the

dielectric constant of HfO2 thin films by structural phase transformations.

5.2 Higher-κ gate dielectrics: A tool for fu-

ture scaling

The equivalent oxide thickness (EOT) for the first generation high-κ/

metal- gate device was approximately 1 nm [116]. An increased thickness

of the high-κ layer can cause mobility degradation by charge trapping

[2], remote phonon scattering or by remote charge scattering [165]. The

high-κ layer is in the limits of physical thickness scaling in the first high-

κ/metal gate devices itself [164]. A further reduction in physical thick-

ness will cause unacceptable leakage currents. By reviewing the scaling

approaches researchers in this field suggest three possible fostering routes

for further scaling of CMOS devices as (1) introduction of new high-κ ma-

terial, (2) increase the κ-value of the interfacial layer and (3) reduction in

physical thickness of the interfacial layer [164, 166].

In CMOS, HfO2 based dielectrics are used in its amorphous form. The

suitability and performance improvements by crystalline form of HfO2 are

still under debate [167]. There are inspiring reports on electrical proper-

ties of the crystalline HfO2. Negligible effects on gate leakage currents

with crystallization was reported by Kim et al. They also found that

the additional trap states formed by grain boundary have also negligi-

ble effects on conduction [168]. Perkin et al. reported comparable or

lower EOT for crystalline ZrO2 [169]. On both these cases they have
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done their experiments with 1.5 nm SiO2 interfacial layer. At the same

time the crystalline HfO2 with issues on EOT scaling and reliability were

also reported. Studies show that boron can diffuse through a thin HfO2

polycrystalline film via grain boundary diffusion, but not by bulk diffu-

sion [170]. The crystalline portion of HfO2 in hafnium silicate found to

degrade the electron mobility due to additional coloumb scattering other

than the substrate impurity scattering [171]. The thermodynamically sta-

ble form of HfO2 at typical CMOS relevant deposition and post deposition

annealing (PDA) temperatures is monoclinic [172]. Monoclinic HfO2 has

the minimum dielectric constant compared to the tetragonal and cubic

phases [167]. The distinguishable feature of HfO2 in comparison with

other high-κ dielectric candidates is its good thermodynamic stability on

silicon [173]. Researchers have made several attempts to stabilize HfO2

in its higher-κ phases, but could not achieve it yet. The introduction of

some suitable dopant material to HfO2 for improving the κ value seems

to be promising and is a hot research topic now.

Interfacial scavenging reactions introduced by Kim et al. [174] can be used

to reduce the interfacial layer thickness and hence to reduce the EOT for

the future generation of electronic devices with small feature size. Scav-

enging approaches can be divided into direct and remote scavenging. In

direct scavenging the high-κ layer is directly involved in the scavenging

reaction and in remote scavenging an additional layer of material that is

isolated from the high-κ is used for the reaction [175]. But the interfacial

layer reduction beyond a certain limit will introduce some mobility degra-

dation [164, 175]. So a controlled scavenging of the SiO2 layer together

with some higher-κ dielectric layer is the most preferred mechanism for

further developments in EOT reduction.
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5.3 HfZrO2 as a higher-κ dielectric

HfO2 and ZrO2 are two dielectrics having similar properties; they have

resemblance in many chemical and physical properties. The resemblance

is attributable to the structural similarity between the two oxides, which

can in turn be explained by the chemical similarity of Hf and Zr, which

have similar atomic and ionic radii ( ionic radii for Hf4+ and Zr4+ are

0.78 and 0.79 A0 respectively) as a result of the so-called lanthanide

contraction[176]. Both HfO2 and ZrO2 have well known applications in

optics and electronics. They are high band gap materials with fairly

good transmission ranging from UV to IR and relatively higher refractive

index [177]. Before entering to the microelectronic scenario they were

used in buffer layer for supercapacitors [178], in gas sensors [179] and as

solid electrolyte [180]. In microelectronics, HfO2 is preferred over ZrO2 as

gate dielectric, because HfO2 is little more stable with silicon than ZrO2.

ZrO2 has the ability to form higher-κ crystallographic phases even at low

temperatures. In combination with other dielectric materials ZrO2 will

prompt them to crystallize to higher-κ phases [181] At ambient pressure

the oxides of hafnium and zirconium are monoclinic at low temperature

and transform to tetragonal structure and then to cubic structure as tem-

perature increases [176]. ZrO2 is slightly unstable and can react with Si

to form the silicide [182–184].

Both HfO2 and ZrO2 exist in different crysatlline phases. Bulk ZrO2

has three crystalline phases at normal pressure: cubic (23000C-26800C),

tetragonal (11700C-23000C), and monoclinic (<11700C). Bulk HfO2 has

only two crystalline structures: tetragonal (17500C-28000C), and mono-

clinic (<17500C) [127]. According to theoretical predictions, at elevated

temperatures thin film of HfO2 can stabilize in cubic or tetragonal phase

other than monoclinic, which is preferred thermodynamically at ambient

conditions. The κ value for tetragonal, cubic and monoclinic phases are
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Figure 5.1: Structure of three different phases of hafnium oxide .
Dark circles are hafnium and open circles are oxygen. HF-O bonds are

shown for monoclinic HfO2 [176].

70,29 and 16 respectively [176]. For amorphous HfO2, the κ value is al-

most equal to that of monoclinic phase [185].

The effect of post deposition thermal treatments on the crystallization

behaviour and microstructure of the HfZrO2 was studied by glancing an-

gle XRD (GXRD). Unannealed thin films were found to be in amorphous

form. For pure HfO2 with RTA at 5000C, GXRD evidenced the crystalline

nature with monoclinic phase.

There are two ways of achieving higher-κ crystallographic phases of HfO2:

(1) structural phase transformation by doping metal oxide to the HfO2 (2)

controlling the timing of annealing process of amorphous HfO2 [186]. An

oxide matrix of Hafnium and Zirconium, with potential for phase transfor-

mation, is tried to grow by sequential atomic layer deposition of hafnium

oxide HfO2 and zirconium oxide ZrO2. Role of Zr in the crystallization

behaviour of HfZrO2 was investigated together with the effects of anneal-

ing treatments.
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5.4 Review of HfZrO2 as a gate dielectric

The very first paper published on HfZrO2 gate dielectrics had reported

a number of advantages over the HfO2 gate dielectrics. Compared to

HfO2, the HfZrO2 gate dielectric exhibited: (1) higher transconductance,

(2) less charge trapping, (3) higher drive current, (4) lower NMOS Vt,

(5) reduced C-V hysteresis, (6) lower interface state density, (7) superior

wafer-level thickness uniformity and (8) longer Positive Bias Temperature

Instability (PBTI) lifetime. They found a 0.4 eV reduction in band gap

and noticed the tendency to form smaller grains than HfO2 [51]. Way

Kuo et al. prepared zirconium doped HfO2 by co-sputtering Hf and Zr

[187]. Electrical properties including the equivalent oxide thickness, flat

band voltage, interface state density, and the oxide trapped charge den-

sity of the MOS capacitors were investigated with respect to fabrication

parameters such as Zr doping condition, post deposition annealing am-

bient and type of bottom interface layer. For similar physical structure

they got lower EOT for Zr doped film. They attributed this behaviour to

higher thermal stability and hence lower interfacial layer formation in Zr

doped HfO2 film. They deposited both HfO2 and Zr doped HfO2 film over

SiO2/Si and SiOxNy/Si. The SiO2/Si intreface exhibited better electri-

cal properties. The lowest interface state density achieved was 1.91×1012

cm−2 eV−1. The flat band voltage varied its polarity with Zr sputtering

power and with post deposition anneal ambient. Way Kuo et al. also

studied the breakdown mechanism in Zr doped HfO2 thin films [134].

D. H. Triyoso et al. have done a number of works on HfZrO2 gate di-

electrics; they attained a ∼2A0 increase in capacitance equivalent thick-

ness (CET) [188, 189]. They studied HfZrO2 thin films prepared in differ-

ent precursor combinations. T. Kelwing et. al. studied physical and elec-

trical properties of metal organic chemical vapour deposited (MOCVD)
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and ALD deposited HfZrO4 gate dielectrics for 32 nm CMOS high per-

formance logic silicon on insulator (SOI) technologies. The interface trap

charge density and the time dependent dielectric break down reliability

were found similar for films made with both the deposition techniques

and hence concluded MOCVD as the feasible technique [190]. K. Tapily

et al. studied the phase stabilization possibilities by depositing HfZrO2

at varying Zr content and by cyclical deposition and annealing scheme

[191]. They obtained monoclinic phase for low zirconium content and

tetragonal phase with preferred (111) orientation for increased zirconium

content. Relja Vasic et al. had used a multi technique X-ray and op-

tical characterisation to determine the crystal phase of HfZrO2 high-κ

dielectric deposited using atomic layer deposition in combination with a

cyclic deposition and annealing scheme [192]. They identified an onset of

tetragonal phase formation in their method for
Zr

Zr +Hf
% = 58% with

a concomitant increase in tetragonal phase with further increase in Zr

content.

In 2014, M. N. Bhuyian et al. deposited HfZrO2 thin films by using Ar

plasma in the slot plane antenna system by using a cyclical deposition

and plasma treatment process termed as DSDS [193]. They studied the

gate stack reliability using HfZrO2 as the dielectric by understanding the

charge trapping behaviour of the dielectric and its response to electrical

stress. Pt/Al2O3/Hf0.5Zr0.5O2/Al2O3/p-Si memory structure was fabri-

cated and studied by W. Lu et al [194] and they found that the major

defects in the system were positively charged ones.

Jae Ho Lee et. al. made attempts to stabilize the tetragonal phase by

depositing HfO2 in an HfO2 seed layer formed by plasma assisted O2 and

O3 based ALD followed by post deposition annealing (PDA) treatments

[172]. They also attempted alloying of HfO2 with ZrO2 thin films. The

seed layer approach was not effective in transforming the phase. But the κ
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value is found to be tuned with Zr concentration and with PDA temper-

ature. They observed compositional segregation for PDA temperatures

higher than 8000C, which leads to high leakage currents. Several research

groups have tried phase stabilization of doped HfO2 thin films with several

dopants in order to achieve ferroelectric behaviour for memory applica-

tions [195–199]

5.5 Atomic layer deposition of HfZrO2 thin

films

HfZrO2 thin films were deposited over four inch boron doped p-type sili-

con (100) wafer having 1-5 Ωcm resistivity. Before deposition the silicon

wafer was cleaned with standard RCA procedure followed by buffered

HF dip. After RCA cleaning the silicon wafer was loaded in to the

deposition chamber at the earliest. All the depositions were done at

RF plasma assisted Fiji F 200 ALD system by Cambridge NanoTech.

Tetrakis(Dimethylamido)Hafnium (Hf(NMe2)4), Tetrakis(Dimethylamido)

Zirconium (Zr(NMe2)4) and O2 plasma were the precursors used for the

deposition. All the samples were deposited at a substrate temperature

of 2000C. The precursors were kept at 750C. The precursor lines and the

ALD valves for precursor pulsing were maintained at 1500C. 50 sccm flow

of O2 was maintained in the chamber and an RF power of 300 W was

applied to generate the plasma column. The chamber pressure during de-

position was 0.15 mbar. We prepared HfZrO2 thin films at four different

ratios by varying zirconium content from zero to 80%. The composition

of the prepared thin films are given in table 5.1.

The incorporation of zirconium was exercised by utilizing ALD super-

cycles. 4HfO2+1ZrO2 forms one ALD supercycle for Hf1−0.2Zr0.2O2. The
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Film Hf:Zr Ratio Thickness (nm)
HfO2 1:0 2.7

HfZrO2 4:1 2.7
HfZrO2 3:2 2.7
HfZrO2 2:3 2.7
HfZrO2 1:4 2.7

Table 5.1: Composition and thickness of the HfZrO2 thin films pre-
pared.

precursor pulse time(s) purge time(s)
Hf(NMe2)4 0.25 5
Zr(NMe2)4 0.25 5
O2 plasma 20 5

Table 5.2: Precursor exposure time & purge time for plasma assisted
ALD-HfZrO2.

Hf:Zr Ratio ALD supercycle Film thickness (nm)
4:1 (4HfO2+1ZrO2)×6 2.7
3:2 (3HfO2+2ZrO2)×6 2.7
2:3 (2HfO2+3ZrO2)×6 2.7
1:4 (1HfO2+4ZrO2)×6 2.7

Table 5.3: ALD supercycle configurations for HfZrO2 thin film de-
position.

precursor exposure and purge time for various precursors are given in ta-

ble 5.2. In supercycle ALD, two different ALD cycles were involved in

one complete ALD cycle for HfZrO2. i.e., For depositing 4:1 thin film

of HfZrO2 (Hf1−0.2Zr0.2O2 ) one complete supercycle ALD consists of 4

HfO2 cycles and one ZrO2 cycle. The ALD supercycles used for different

HfZrO2 films are summarised in table 5.3.

After deposition the thin films were cut into pieces and undergone 30 sec-

onds rapid thermal annealing at 5000C, 7000C and 9000C. Structure and
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composition of these HfZrO2 thin films were studied with high resolution

X-ray diffraction and X-ray photoelectron spectroscopy.

5.6 Structural and compositional character-

ization of plasma assisted ALD-HfZrO2

The thermodynamically stable phase of HfO2 at typical post deposition

annealing temperatures is monoclinic [200]. The phase stabilization to

higher-κ phases is possible but it is difficult to differentiate between the

tetragonal and cubic phases using laboratory X-ray diffraction. In addi-

tion the κ value of the two phases are also dependent on the crystallo-

graphic directions [172]. So the higher-κ phase is considered as tetragonal

, even if it is either tetragonal, cubic or mixture of cubic and tetragonal.

5.6.1 High resolution XRD

Figure 5.4 (a), (b) and (c) show XRD pattern of HfZrO2 thin films with

varying Hf:Zr ratio annealed at 5000C, 7000C and 9000C The GXRD

was carried out using PANalytical X-pert pro HRXRD system with 0.3

radian incident angle. Figure 5.2 shows the XRD spectrum of HfO2 thin

films subjected to rapid thermal annealing at 5000C. The peak positions

of monoclinic, tetragonal and hafnium silicate are also included in the

figure for reference. From the XRD spectra, we can see that the pure

HfO2 is in monoclinic phase after 5000C anneal. The variation of the

crystalline nature with rapid thermal annealing is shown in figure 5.3.

Samples annealed at higher temperatures have some tetragonal phase in

it. The major peak of tetragonal phase is at 300; this peak together

with monoclinic peaks at 280 and 320 has given a broad peak around 300.
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Figure 5.2: XRD of pure HfO2 thin film rapid thermal annealed at
5000C
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Figure 5.3: XRD of pure HfO2 thin films annealed at different tem-
peratures.
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Figure 5.4: XRD of HfZrO2 thin films with different Hf:Zr ratio and
rapid thermal annealed at (a) 9000C (b) 7000C and (c) 5000C.
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Figure 5.5: XPS depth profile of Hf 4f core level spectra for HfZrO2

thin film with Hf:Zr ratio 3:2.

The peak around 420 indicates the unwanted silicide formation due to the

interaction between HfO2 and the silicon substrate.

5.6.2 X-Ray photoelectron spectroscopy

X-Ray photoelectron spectroscopy (XPS) measurements were done with

Kratos Analyticl’s Amicus 3400. XPS meausrement was done on un-

annealed HfZrO2 thin film with Hf:Zr ratio 3:2, which is the sample opti-

mized to have maximum tetragonal phase after the rapid thermal anneal.

To study the composition of this thin film XPS measurements were done

at different depth in this film. The non-stoichiometric HfSixOy structure

could be a random mixture of Hf-Si (silicide), HfO4 (hafnium oxide) and

SiO4 (silicon oxide) tetrahedral and excess Hf and Si atoms [201].

Figure 5.5 shows the depth profile of the Hf 4f core level spectra. The

Hf 4f core level spectra from the film surface has doublet feature due to

Hf 4f7/2 and Hf 4f5/2 spin. The doublet separation for the Hf 4f doublet
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Figure 5.6: XPS depth profile of Zr 3d core level spectra for HfZrO2

thin film with Hf:Zr ratio 3:2.

is measured as 1.6 which is close to earlier reports on doublet separation

[202]. The measured binding energies are similar to earlier reports on

HfO2 [203]. With etching at different depths the Hf 4f doublet shifts to

14.3 eV to 16.4 eV range. This shift corresponds to silicide (Hf-Si) forma-

tion as reported in scientific literature [201, 204]. The binding energy of

the Hf 4f peak for Hf silicate shifts to a higher binding energy than that

for HfO2 [205]. So the broadening at the higher binding energy side of the

spectra taken from surface and after 2 seconds etch film represents the

presence of silicate species. Wilk et al. calculated the difference in bind-

ing energy between Hf 4f spectra with and without Hf silicate formation

as 1 eV [206]. An unusual shift to the hafniuum core level spectra may

also happen by adsorbed organometallic species on the surface [207].

The binding energy of Zr 3d electrons in pure zirconium films are around

178.8 eV for Zr 3d5/2 and 181.1 eV for Zr 3d3/2 [203, 208]. For ZrO2,

the 3d doublets have peaks reported at 182.3 (3d5/2) and 184.7 (3d3/2)

[203, 209, 210]. Zr 3d core level spectra for the deposited film is shown

in figure 5.6. The Zr 3d doublet peaks for the deposited HfZrO2 thin film
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Figure 5.7: Depth profile of the O 1s spectra for HfZrO2 thin film
with Hf:Zr ratio 3:2.

was at 180.3 (3d5/2) and 182.7 (3d3/2) for spectra taken from the surface.

The magnitude of spin orbit splitting constant for zirconium 3d is found

to be 2.4 eV which represents the formation of sub oxides [203]. The Zr

3d core level spectra taken from depth of the HfZrO2 thin films indicate

formation of more sub-oxides.

Figure 5.7 shows the O 1s spectra depth profile of the HfZrO2 thin

film. The O 1s spectra is expected to have peaks centered around 530 eV

and 532.5 eV [211–213] corresponding to Hf-O or Zr-O and Si-O bonds

respectively. Hf-O peak is expected to dominate in spectra taken from

the surface. But peaks at 532.2 eV and 533.9 eV were dominant in the

surface O 1s spectra. The thin films were found to have excess oxygen in

their composition. A 2.6 eV shift in Hf-O peak and associated hydroxyl

peak was reported by J. P. Lehan et al. [212]. So the peaks at 532.2 eV

and 533.9 eV were attributed to Hf-O and to hydroxyl group. After 2 sec-

onds etch, the O 1s spectra has only one peak in binding enrgy centered

around 531.6 eV and it can be attributed to Hf-O-Si bonds. Wong et al.

describes the chemical shift of O 1s spectra in terms of Hf/Si ratio [201].
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Figure 5.8: Depth profile of the Si 2p spectra for HfZrO2 thin film
with Hf:Zr ratio 3:2.
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Figure 5.9: The C 1s core level XPS depth profile spectra for HfZrO2

thin film with Hf:Zr ratio 3:2.
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The irregular shift of O 1s spectra with further etching can be assumed

as the effect of the variations in elemental compositions.

The Si 2p core level spectra is shown in figure 5.8. For XPS spectra taken

after higher etching (6 & 8 seconds) of the film gave peak around 99.4 eV,

representing the silicon substrate [203, 214]. The Si 2p depth profile with

2 to 4 second etching reveals the silicide formation [213]. The Si 2p spec-

tra for stoichiometric SiO2 is reported to have 103.5 eV binding energy

[203, 208, 215]. The binding energy for Si 2p peak in hafnium silicate is

at 102.7 eV [215]. In the un-etched spectra, the Si 2p core level has two

distinct peaks at 104.2 eV and 100.5 eV. The peak at 104.2 indicates the

non-stoichiometric SiO2 [208]. Figure 5.9 shows the carbon contamination

levels with depth in the thin film.

5.7 Electrical characterizations

Al/HfZrO2/p-Si metal oxide semiconductor structures were fabricated for

electrical characterizations of the HfZrO2 thin films. MOS capacitors

having 500, 600 & 700 µm diameter were fabricated. 100 nm thick top

aluminium gate electrodes were deposited using vacuum thermal evapora-

tor. A shadow mask is used for the Al electrode deposition. The backside

of the silicon wafer is etched with buffered hydrofluoric acid solution and

aluminium back electrode is deposited. MOS capacitors were fabricated

with HfZrO2 thin films which were prepared at different HF:Zr ratio fol-

lowed by rapid thermal annealing at different temperatures (500, 700 &

9000C). MOS capacitors were subjected to post metallization annealing

at 4000C under foaming gas ambient for 30 minutes.

All MOS capacitors failed to achieve the capacitance saturation at the

accumulation region of the capacitance-voltage characteristics. This was

same for MOS capacitors with both annealed and un-annealed HfZrO2
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Figure 5.10: C-V characteristics of HfZrO2 thin film with 3:2 Hf:Zr
ratio and annealed at 7000C.
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Figure 5.11: Leakage current density vs gate voltage for HfZrO2 thin
film with 3:2 Hf:Zr ratio and annealed at 7000C.
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thin films. This descending nature of C-V charactristics at the accumula-

tion is due to higher leakage current flowing through the dielectric. Large

leakage currents will affect the reliability of the MOS structure. The C-V

characteristics and the leakage current characteristics of the HfZrO2 thin

films prepared at 3:2 Hf:Zr ratio is given in figure 5.10. Figure 5.11 shows

the leakage characteristics of this film. The large value of leakage current

flowing through the dielectric is the reason for sudden drop in capacitance

during C-V measurements. This prevented us from measuring the elec-

trical parameters like dielectric constant, fixed oxide charge density and

interface trap state density.

5.8 Strategy to reduce leakage current

From the electrical characteristics, we can summarise that an interfacial

layer requirement is critical for this work. The oxide and oxy-nitride of

the wafer are the preferred interfacial layer for silicon wafer based devices.

The interfacial layer usually has a lower dielectric constant value and it is

favoured to be at its minimum thickness. Chemical oxide formation is the

best method for interfacial layer formation because it will provide better

control [216] and higher surface OH concentration [194]. For interfacial

layer formation we followed the methodology by M. L. Green et al. [194].

They found that for early stages of growth, HfO2 coverage per cycle is

highest for the chemical oxide underlayer in comparison with HF-last case

and with the thermal oxide.

For the chemical oxide formation, initially the silicon wafer was cleaned

with standard RCA procedure followed by hydrofluoric (HF) acid dip.

This last HF dip will remove the unwanted native oxide from the silicon

surface. After hydrofluoric acid dip a separate SC1 step was used to grow

better SiO2 layer in preffered thickness (0.5 nm). The SC1 was done at
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Figure 5.12: Leakage current density vs gate voltage for HfZrO2

thin film with and without chemical oxide layer (Hf:Zr ratio 3:2, rapid
thermal annealing at 7000C).

450C for 10 minutes. The composition of the SC1 is given below.

200H2O + 4H2O2(30%) + 1NH4OH(29%)

A 0.5 nm SiO2 growth is expected as in the case reported by M. L. Green

et al [194].

The substrate is loaded into the ALD chamber immediately (within 5

minutes) after the chemical oxide growth. The HfZrO2 thin films with a

3:2 Hf:Zr ratio were deposited over the SiO2 interfacial layer by employing

super ALD cycles. The deposited films were annealed at 7000C using rapid

thermal annealing process. Al dot electrodes (700 µm) were deposited to

form MOS structure with this SiO2/HfZrO2 combination as the dielectric.

The MOS structure was subjected to undergo foaming gas annealing (10%

H2 and 90% Ar) at 4000C for 30 minutes. The I-V characteristics of the

device is shown in figure 5.12. HfZrO2 thin films with intentionally grown

SiO2 showed better leakage characteristics while comparing with HfZrO2

thin films prepared without focussing on interfacial layer growth. Still the

gate injection leakage hikes exponentially and soon reaches a higher value.
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From this result we conclude the attempt to make the interface between

high-k dielectric and silicon better has succeeded to an extent. Further

characterizations and optimization of the interfacial layer is required and

thereafter HfZrO2 can be subjected to further study.

5.9 Conclusions

An attempt is made to exploit the potential of plasma assisted ALD by

using its supercycle formation, to deposit the HfZrO2 thin films and then

by stabilizing the tetragonal phase. HfZrO2 thin films were deposited in

four different Hf:Zr ratio by simply varying the number of atomic layer

deposition cycles in supercycle ALD. Depositions were carried out on H-

terminated Si wafers. Post deposition annealing treatments were done

at three different temperatures and the change in phase and chemical

structure were analysed using XRD and XPS. Unwanted hafnium sili-

cide formation was identified from XPS measurements. 3:2, Hf:Zr ratio

HfZrO2 thin film annealed at 7000C had the maximum tetragonal phase.

HfZrO2 thin films were deposited again in the same 3:2 Hf:Zr ratio with

intentionally grown SiO2 interfacial layer. Even though the new method

could improve the leakage characteristics, still the HfZrO2 withheld from

saturating at the accumulation due to the high flat band voltage shifts.





Chapter 6

Summary & Concluding

remarks

6.1 Summary of the thesis

Atomic Layer Deposition (ALD) is emerging with extensive technological

applications, which spans diverse areas. ALD market is expected to grow

at a CAGR (Compound Annual Growth Rate) of 36.10% from 2013 to

2018. For the same period, the projected growth rate for crystalline sili-

con solar cell is only 7.82%. This enumerates the growth trend followed

by ALD in comparison with other technically relevant fields. The wide

acceptance of ALD is attributed two facts: (1) the need for extremly thin

films with technological advancement and (2) possible thickness control

with conformality and uniformity. In semiconductor industry ALD mar-

ket is going to overtake the broader equipment market.

ALD is the thin film deposition method in which the precursors are pulsed

alternately to the substrate surface and the cyclic repetition of these

pulses leads to self limiting surface reactions between gas phase precursor

147
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molecules and a suitable solid surface. In ALD, the substrate surface is

initially exposed to the first reactant. After purging out the first reac-

tion by-products the substrate is exposed to the second reactant. This is

followed by the purge out of the second reaction by-products. The film

is thus grown to desired thickness by repeating this sequential steps and

these steps together constitute one ALD cycle.

During the 1990s, development of the ALD stagnated mainly due to slow-

ness of the process. However the newly emerging industrial requirements

of ultra thin, defect free films and the large area and batch processing

capabilities of ALD made the slowness insignificant for its current appli-

cations.

Thermal activation was the only method of initiating ALD reaction in

the initial periods of ALD. Later it followed the trend of low temperature

activation like plasma activation as in case of CVD. Plasma assisted ALD

developed as a low temperature ALD process in which the potential of

plasma in generating energetic species is made use of. In PALD at least

one of the precursors should be a plasma species or it should be activated

with plasma. On comparing with thermal ALD, plasma assisted ALD has

the advantages of low temperature growth, increased process versatility,

possibility for plasma treatments and a higher throughput.

ALD became popular after its success in deposition of high-κ dielectric

thin films for microelectronic application, where the dielectric is a critical

operational layer and its modification has remained a hot research topic

for the last few decades. The initial big step towards the use of high-κ

dielectric was taken by Intel and further studies are still going on. The

possible higher physical thickness of high-κ material will help to reduce

the tunnelling and reliability issues and will provide a similar electrical

performance as that of scaled SiO2. In future, ALD will be the central thin

film deposition tool in industries where thickness, conformality, and/or in-

terface control are key criteria.
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As part of this study we developed an atomic layer deposition system,

which can work in plasma assisted mode of ALD using its microwave

plasma source and in thermal mode ALD. The microwave source and the

components for delivering the microwave to plasma applicator were pur-

chased and assembled locally. We have succeeded in alternate generation

of microwave plasma during ALD sequence. Generally, the alternate gen-

eration of microwave plasma is tedious and hence its use is limited among

the ALD community. The plasma applicator, the atomic layer deposition

chamber, the gas delivery lines for sequential precursor pulsing and the

precursor bubblers were designed and developed indigenously. Maximum

power coupling to the plasma and prevention of microwave leakage were

ensured during the applicator design. The plasma is arranged in a remote

configuration with the deposition chamber. Special care was given to line

up the gas flow dynamics and hence to reduce the deposition timings.

ALD chamber has provisions for pressure and temperature monitoring,

subatrate heating, varying substrate distance from plasma and provisions

for using insitu diagnostic tools. In the exhaust side two pumps are con-

nected to the ALD system and the system is generally operated in rotary

vacuum. The precursor lines can handle two liquid precursors and one

gaseous precursor (other than carrier or purge gas) for a single ALD pro-

cess. The precursor bubblers can handle low and high vapour pressure

precursors.

Atomic layer deposition process in the home made ALD system was

optimized by deposition and characterisation of Al2O3 thin films using

trimethylaluminum and H2O/O2 plasma. A linear increase in Al2O3 film

thickness with deposition cycles was observed for both thermal and plasma

assisted ALD, which indicates the true ALD nature of the depositions. A

linear GPC vs number of ALD cycles curve was obtained for microwave

plasma assisted ALD. A comparatively higher GPC was obtained for mi-

crowave plasma assisted ALD. The thermal mode ALD is less efficient (in
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terms of time) in comparison to an industrial system but the microwave

plasma assisted ALD system is either equally efficient or better.

By varying the substrate temperature, plasma assisted ALD-Al2O3 thin

films were deposited by the home made ALD system and by a commer-

cial research level ALD system, the Fiji F 200 of Cambridge Nanotech.

The Fiji F 200 is a RF plasma assisted ALD system. A decrease in film

thickness was observed with increasing deposition temperature. Density,

refractive index, composition and morphology of the microwave plasma

assisted ALD-Al2O3 films were studied.

Al/Al2O3/p-Si MOS capacitors were fabricated using both microwave

plasma assisted and RF plasma assisted ALD-Al2O3 as the dielectric layer.

The electrical characteristics of these MOS capacitors were studied to eval-

uate the ALD-Al2O3 as a gate dielectric layer for MOSFET applications.

The dielectric constant was fairly good and the number density of fixed ox-

ide charges and interface state density were found to be in the acceptable

range for gate oxide applications. The leakage current density is excess

than that expected for a gate oxide. In a similar manner thermal ALD-

Al2O3 films deposited using both the systems were characterised. The

dielectric constant was less for thermal ALD thin films. In comparison

with plasma assisted ALD-Al2O3 thin films, the fixed oxide charges re-

main almost invariant. The interface state density and the leakage current

density for the thermal ALD films were found to be better than plasma

assisted ALD thin films.

In 2007, the conventional gate oxide SiO2 was replaced with HfO2 by Intel

Corporation. The physical thickness of HfO2 dielectric used in the first

device itself was 2 nm and the EOT was 1 nm. Non planar device ar-

chitectures were introduced with 22 nm feature size electronic devices. A

better dielectric can make productive changes even to non planar devices.

The stable form of HfO2 at low temperature is monoclinic. The high

temperature tetragonal and cubic phases of HfO2 have higher dielectric
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constant values and can provide better EOT. The stabilization of HfO2

to its higher dielectric constant phases is a feasible approach for EOT

reduction.

The addition of zirconium to hafnium is a method to stabilise the higher-

κ HfO2 phase. Zirconium will tempt the HfO2 to crystallise with small

crystallite sizes. In small crystallites, HfO2 naturally tend to become

tetragonal. HfZrO2 thin films were deposited with different HF:Zr ratio.

Supercycle ALD was used for HfZrO2 thin film deposition. XRD studies

revealed that HfZrO2 with Hf:Zr ratio of 3:2 subjected to rapid thermal

annealing at 7000C had maximum tetragonal phase. The electrical perfor-

mance parameters were unable to be calculated due to the higher leakage

current. Unintentional Interfacial compound formation was identified as

the source of high leakage current. Later an interfacial layer of 0.5 nm

SiO2 was grown intentionally to avoid the formation of unwanted interfa-

cial layers and hence to reduce the leakage current.

6.2 Highlights of the work

• Design and development of a microwave plasma assisted atomic layer

deposition system for around 10% cost of a commercial research level

ALD system.

• Optimization of ALD process in the home made ALD system.

• Deposition of gate dielectric quality thin films in the home made

ALD system both in thermal mode and plasma assisted mode.

• Comparison of the home made ALD-Al2O3 film quality with com-

mercial ALD thin film.

• Deposition and studies of higher-κ HfZrO2 thin films for gate oxide

application.
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6.3 Potential and possibilities

The number of industries that are familiar with and using ALD are very

few. According to the ’ALDPulse’, a forum for supporting ALD commu-

nity, the only factor that limits the industrial use of ALD is the lack of

information about it. Anyhow the situation is changing at a noticeable

speed since the last decade. Over 250 ALD units were dispensed during

this period and people are working on a variety of applications using these

systems [16]. A few modifications will stimulate the possibilities and ca-

pabilities of the home made atomic layer deposition system. Thermally

withstanding fast responding 3/2 solenoid valves will make the ALD fast

and it will allow the use of more vigorous precursors. An automatic gate

valve is useful to adjust the process parameters. The exhaust side need

to be replaced with a dry pump rather than rotary pump. An in depth

study of plasma is required to coordinate the plasma parameters with

film properties. The effect of plasma species on the surface and inter-

facial properties of the thin film can be studied by varying the distance

from the center of the plasma to the substrate. The fixed oxide charge

variation in the case of microwave plasma assisted ALD-Al2O3 is promis-

ing for applications like solar cell passivation. The negative fixed oxide

charges and their control using the microwave plasma parameters is a field

which requires keen attention for the field effect passivation of solar cells.

The highly reactive nature of microwave plasma allows the deposition

even on plastic substrates. In addition to the conventional applications of

Dynamic Random Accesss Memory (DRAM) and Complementary Metal

Oxide Semiconductor (CMOS) electronics, high-κ materials now have a

number of emerging applications like Resistive Random Access Memory

(RRAM), Metal Insulator Metal (MIM) capacitor, ferroelectric logic &

memory devices and mask layers for nanoscale patterning etc [217]. Since

Al2O3 is a stable material on most of the semiconductor substrates, it acts
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as the interfacial layer for many high-κ based applications, especially in

high mobility channels.

The use of higher-κ materials together with interfacial layer scaling has

current relevance among high-κ dielectric community. HfO2 films pre-

pared with O2 plasma assisted atomic layer deposition usually have small

crystallite sizes due to the carbon incorporation and seems to form tetrag-

onal phase in post deposition annealing (PDA) treatments [172]. The

oxygen vacancies in high-k dielectrics play a crucial role in their flat band

voltage and hence in threshold voltage stabilization [210]. Varying the

oxygen vacancy levels in HfZrO2 films will provide the role of oxygen va-

cancies in structural transformation of HfZrO2 during PDA. Formation

of a remote scavenging structure over the optimized thin film followed by

PDA treatments will provide a higher-κ dielectric based MOS structure

with minimum EOT. In hafnium and zirconium based high-κ dielectrics,

oxygen vacancies play a crucial role in interfacial scavenging by acting as

oxygen transportation sites in the case of a remote scavenging structure

and they themselves can act as scavengers to reduce the EOT [164]. On

this aspect, we are continuing the study of HfZrO2 thin films by varying

the level of oxygen and the carbon contamination. A study of this pro-

cess may reveal some vital information regarding the phase stabilization

in HfZrO2 thin films. A remote scavenging type structure together with

these optimized HfZrO2 thin films is expected to give good enough scaling

in EOT.
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erties of atomic layer deposited Al/Al2O3/ p-Si MOS structure at

room temperature. Indian Journal of Pure and Applied Physics,

Accepted (2015).

• A Philip, S Thomas and K R Kumar. Calculation of growth per

cycle (GPC) of atomic layer deposited aluminium oxide nanolayers

and dependence of GPC on surface OH concentration. Pramana,

82(3), 2014, pp. 563-569.

• Anu Philip, Subin Thomas and K Rajeev Kumar. Compositional

characterization of atomic layer deposited alumina. AIP Conference

Proceedings, 183, 2014, pp. 1576-1578.

155



Appendix A. List of publications 156
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hanced atomic layer deposition of titanium dioxide. Chemical Vapor

Deposition, 13(4):152, 2007.

[40] W. J. Maeng and H. Kim. Thermal and plasma-enhanced ALD of Ta

and Ti oxide thin films from alkylamide precursors. Electrochemical

and Solid-State Letters, 9(6):G191, 2006.

[41] Michael A. Lieberman and Alan J. Lichtenberg. Principles of plasma

discharges and materials processing. John Wiley and Sons, 2005.

[42] Scott E. Thompson and Srivatsan Parthasarathy. Moore’s law: the

future of Si microelectronics. Materials Today, 9(6):20, 2006.

[43] G. E Moore. Cramming more components onto integrated circuits.

Electronics, 38(8), 1965.

[44] G.E. Moore. Progress in digital integrated electronics. International

Electron Devices Meeting, 1975, 21:11, 1975.

[45] C. A. Mack. The end of the semiconductor industry as we know it.

The proceedings of Optical Microlithography XVI, SPIE, 5040:xxi,

2003.



Bibliography 165

[46] Robert H. Dennard, Fritz H. Gaensslen, Hwa-Nien Yu, V.Leo

Rideout, Ernest Bassous, and Andre R. LeBlanc. Design of ion-

implanted mosfet’s with very small physical dimensions. IEEE Jour-

nal of Solid-State Circuits, SC-9(5):256, 1974.

[47] Hei Wong and Hiroshi Iwai. On the scaling of subnanometer EOT

gate dielectrics for ultimate nano CMOS technology. Microelectronic

Engineering, 138:57, 2015.

[48] Executive summary. 2013 International Technology Roadmap for

Semiconductors.

[49] J. Maria A. I. Kingson and S. K. Streiffer. Alternative dielectrics

to silicon dioxide for memory and logic devices. Nature, 406:1032,

2000.

[50] Supratik Guha and Vijay Narayanan. High-k/metal gate science

and technology. Annual Review of Materials Research, 39(1):181,

2009.

[51] R.I. Hegde, D.H. Triyoso, P.J. Tobin, S. Kalpat, M.E. Ramon,

H.-H. Tseng, J.K. Schaeffer, E. Luckowski, W.J. Taylor, C.C. Ca-

passo, D.C. Gilmer, M. Moosa, A. Haggag, M. Raymond, D. Roan,

J. Nguyen, L.B. La, E. Hebert, R. Cotton, X.-D. Wang, S. Zollner,

R. Gregory, D. Werho, R.S. Rai, L. Fonseca, M. Stoker, C. Tracy,

B.W. Chan, Y.H. Chiu, and Jr. White, B.E. Microstructure mod-

ified HfO2 using Zr addition with TaxCy gate for improved device

performance and reliability. IEEE International Electron Devices

Meeting, 2005. IEDM Technical Digest., page 35, 2005.

[52] G. D. Wilk, R. M. Wallace, and J. M. Anthony. High-k gate di-

electrics: Current status and materials properties considerations.

Journal of Applied Physics, 89(10):5243, 2001.



Bibliography 166

[53] E. Eisenbraun. ALD developments, challenges and emerging ap-

plications for current and advanced technologies. Semiconductor

fabtech, 37:73, 2008.

[54] Atomic Layer Deposition (ALD) is a true nanotechnology

allowing ultra-thin films of a few nanometres to be de-

posited in a precisely controlled way. Oxford instruments ald

website. http://www.oxford-instruments.com/products/

etching-deposition-and-growth/plasma-etch-deposition/

atomic-layer-deposition.

[55] Paul Poodt, Adriaan Lankhorst, Fred Roozeboom, Karel Spee,

Diederik Maas, and Ad Vermeer. High-speed spatial atomic-layer

deposition of aluminum oxide layers for solar cell passivation. Ad-

vanced Materials, 22(32):3564, 2010.

[56] David Munoz-Rojas and Judith MacManus-Driscoll. Spatial atmo-

spheric atomic layer deposition: a new laboratory and industrial

tool for low-cost photovoltaics. Materials Horizons, 1:314, 2014.

[57] Tuomo Suntola. Atomic layer epitaxy. Materials Science Reports, 4

(5):261, 1989.

[58] Antti Niskanen, Antti Rahtu, Timo Sajavaara, Kai Arstila, Mikko
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