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SYNOPSIS

Oblique angle deposition (OAD) has been attracting researchers in recent years due to their
demanding applications in photonic crystals, energy harvesting and storage devices, fuel cell
and hydrogen storage, wetting and micro fluidics, optical rugate devices, humidity sensors,
micro-electronics, and thermal barriers coatings etc. From optical application point of view,
porous micro-structured thin films achieved through OAD route are being explored and
experimented for fabricating interference filters using single optical materials by varying
refractive index across the film thickness. The refractive index variation is achieved by
changing the angle of deposition which results in varying porous microstructure due to
change in atomic shadowing and limited ad-atom diffusion during growth with or without
substrate rotation. When this angle of deposition reaches > 80° it is termed glancing angle
deposition (GLAD) which depicts unique properties different from normally deposited films.
By employing substrate rotation and varying deposition angle, different microstructure
patterns like pillar, helix, zigzag, erect columns etc., have been achieved successfully. For
optical applications, researchers have developed several interference thin film devices, viz., (i)
multi-stop band interference rugate filter, (ii) optical rugate filters for light trapping in solar
cells, (iii) single layer antireflection coating, (iv) selective polarization transmission filter etc.
For such devices, researchers have used oblique angle depositions of several oxides viz., TiO,,
SiO,, HfO,, ZrO,, and Ta,0s. OAD of such optical thin films have been investigated for their
optical, structural and morphological properties and their dependency on angle of deposition,
substrate temperature, rate of deposition and other process parameters have been reported.
However, it is difficult to generalize such studies for all optical materials deposited by

different methodologies in OAD configuration.



It is well known that HfO,, ZrO, and SiO; are the mostly used oxides for fabricating optical
multilayer devices for high power laser and various spectroscopic applications due to their
excellent optical properties and high laser induced damage resistance. Some researchers have
reported OAD of such films but extensive study of their mechanical stability, residual stresses,
complete morphological and optical characterization and correlation among different
properties has not yet been reported. In the present thesis, an extensive study of elastic,
optical, morphological, structural and micro-structural properties of oblique angle deposited
HfO,, ZrO, and SiO, thin films by EB evaporation and sputtering is reported. The thesis is
organized in seven chapters to discuss different aspects of the present work. The contents of

the chapters are summarized as follows.

Chapter:-1. Introduction

The chapter begins with an introduction to OAD and the importance of OAD in the field of
thin film interference devices has been discussed. A literature survey based on the works
published by researchers on OAD has been presented and further scopes for new
investigations have been discussed. Finally an introduction to the optical materials
investigated in the present thesis has been presented. The organization of the rest of the thesis

has also been discussed in this chapter.

Chapter:-2. Experimental techniques

This chapter begins with an introduction to the different deposition techniques used for the
OAD of various oxide thin films. Actual deposition systems used for the growth of the films
discussed in this thesis have also been discussed. Subsequently, various characterization
techniques used in the present work have been described and the important information
intended from these measurements have also been discussed. The techniques include atomic

force microscopy (AFM), atomic force acoustic microscopy (AFAM), UV-VIS-NIR



spectrophotometer, spectroscopic ellipsometry, grazing angle X-ray reflectrometry (GIXR),
grazing angle X-ray diffraction (GIXRD), Extended X-ray absorption fine structure

spectroscopy (EXAFS), and field emission electron microscopy (FESEM).

Chapter:-3. Oblique angle deposition of HfO, thin films by EB evaporation

This chapter describes the importance of characterization of elastic, optical, and
morphological properties of obliquely deposited HfO, thin films deposited by EB evaporation.
Effect of angle of deposition on local structure of HfO; thin films has also been assessed by
performing EXAFS experiments. HfO, thin films have been deposited on Si (100) and fused
silica substrate at several oblique angles of depositions. Such OAD films possess porous
micro-structures and their mechanical and environmental stabilities are important issues. In
order to assess mechanical stability of such thin films, indentation modulus and
microstructural properties have been studies by using various characterization tools. FESEM
cross-sectional morphology shows highly porous tilted columnar microstructure in the film
deposited at glancing angle of 80°. Porosity decreases as the angle of deposition decreases.
Variation of film density with tilt angle has been obtained through GIXR measurements. It is
observed that indentation modulus obtained from AFAM measurement is least with a value
of 42 GPa for a GLAD film (80°) and highest for normally deposited film with value 221 GPa.
It is concluded that the trend of decreasing indentation modulus of HfO, thin films is an
attribute of increase in porosity with angle of deposition and porosity variation is the
consequence of change in microstructure of films due to change in growth conditions.

Optical and morphological properties of such films are strongly dependent of angle of
deposition due to varying micro-structure with the angle of deposition. For optical
applications, surface of thin films/coatings plays an important role in terms of light scattering.
Hence it is indispensible to explore morphological and optical properties of such films. For

the same HfO, films as discussed above, effect of angle of deposition on micro-roughness



parameters and optical properties has been investigated extensively through extended power
spectral density measured from AFM and optical transmission measurements. Among all the
films, GLAD film (80° deposition angle) exhibits highest grain size and intrinsic RMS
surface roughness. Intrinsic roughness and fractal spectral strength obtained from the analysis
of extended power spectral density follow the similar trend with deposition angle. Behavior
of surface morphological statistical parameters and refractive index with deposition angles
have been explained by the combined effect of atomic shadowing, re-emission of ad-atoms

and diffusion of ad-atoms.

Chapter:-4. Glancing angle deposition of HfO, thin films by magnetron sputtering

In this chapter, GLAD HfO, thin films have been explored with respect to two vital
deposition parameters visualizing deposition angle and target to substrate distance, Ds in the
range 70-125 mm. From morphological, optical and structural studies of such films through
AFM, ellipsometric and GIXRD measurements following observations could be made.

(1). At optimum distance Dts = 110 mm and at 82° angle of deposition the film exhibits
prominent nanostructures as observed from AFM image.

(2). At lower Drs (70-90 mm), the grains obtained from AFM imaging, are elliptical in shape
and as Drs increases the surface grains become circular in shape. The fact has been explained
in light of the variation in ad-atom kinetic energy.

(3). The grain area has initially decreased with increase in Drs in the range 70 to 110 mm and
then increased with the increase in Dys from 110 mm to 125 mm which is in accordance
with the trend of deposition rate. The competition between deposition flux density and the
sticking coefficient has led to minimum deposition rate and hence minimum grain area at
D1s=110 mm.

(4). The effective refractive index follows almost similar trend as that of deposition rate

except for the fact that at 110 mm of D+s, the film deposited at 82° exhibits lower refractive

4



index compared to that deposited at 86°. At 86° angle and 110 mm of D+s, the formation of
amorphous crystallographic structure is responsible for relatively higher index compared to
that at 82°.

(5). Crystallographic structural study of the films shows that all the films have formed in
polycrystalline monoclinic phase. At lower Drs, the crystallinity has improved with an
increase in deposition angle due to the reduction in deposition rate which helps in organizing

the atoms in a more crystalline form.

Chapter:-5. Glancing angle deposition of ZrO; thin films

This chapter has been divided in two parts:

I. Glancing angle deposition of ZrO; thin films by magnetron sputtering:

In this work, a set of ZrO, thin films have been deposited in GLAD (82°) configuration at
varying substrate rotation. For comparison, ZrO, film was also deposited at 0° angle.
Refractive index estimated from ellipsometric measurement shows an interesting decreasing
behavior with substrate rotation and has been explained in the light of varying columnar
structure with substrate rotation. Refractive index of GLAD ZrO, films varies between and
1.901 to 2.011. Normally deposited (ND) film exhibits refractive index value of 2.178 which
is substantially greater than that of GLAD films. Lowering in refractive index of GLAD films
is the attribute of dominant atomic shadowing at glancing angles. Further, correlation length
which is the representative of surface grain size obtained from AFM measurement displays a
decreasing trend with substrate rotation. The trend has also been attributed to the varying
columnar microstructure. All the GLAD ZrO, films possess 4 to 5 order greater surface RMS
roughness than ND films. Dominant atomic shadowing is responsible for high roughness of
GLAD films. Both GLAD and ND ZrO; thin films exhibit preferential growth of monoclinic
phase oriented in different directions. GLAD films also depict a tetragonal peak which has

been attributed to the fine nano-crystallite size (~13 nm). Residual stress in such films depicts



a switching from large compressive to small tensile stress as the deposition angle changes
from normal to glancing angle. The GLAD films show an increasing trend of stress with
substrate rotation which has been explained in terms of varying inter-molecular forces with

inter-columnar distance.

I1. Glancing angle deposition of ZrO, thin films by EB evaporation:

In this part of the chapter, ZrO; thin films have been deposited on fused silica substrate by
EB evaporation in normal as well as OAD configurations (82°). Refractive index of the films
has been estimated by fitting the measured transmission spectra with suitable theoretical
dispersion models. The OAD film shows high porosity with refractive index of 1.40. Porous
structure of the film again has been confirmed by AFM image which depicts a highly porous
surface morphology with bigger grains and high surface RMS roughness compared to ND
film. Elastic modulii of indentation are 74 GPa and 160 GPa for OAD and ND films
respectively. Such a high decrease in indentation modulus for GLAD film is the consequence

of increased porosity due to tilted columnar growth.

Chapter:-6. Oblique angle deposition of SiO, thin films by EB evaporation

In this chapter, optical and morphological properties of OAD SiO, thin films deposited at
angle 75°, 70 and 0° have been investigated. The refractive index data obtained from suitable
modeling of transmission spectra has been found to be 1.14, 1.25 and 1.45@600nm for SiO,
films deposited at angle 75°, 70 and 0° respectively. The reduction in refractive index for
obliquely deposited SiO, thin films is the consequence of dominant atomic shadowing. Using
the refractive index value obtained for OAD SiO; films, a 2-layer design of SiO, thin films
deposited at an oblique angle of 70° and 75° on both sides of glass substrate (BK7) have been
chosen to fabricate a broad band antireflection coating having an average transmission more

than 99.2% in a band of 450 nm. Contact angle measurements confirm highly wetting



character of the developed antireflection coating having contact angle 4.8°. Low contact
angle of such coating is due to high roughness and irregular variations of height over the
surface. Such coatings can be applied to solar panel encapsulation to give antireflection as

well as self-cleaning effects which can lead to the enhancement of efficiency.

Chapter:-7. Summary and Future Prospects

The highlights of the work done under this thesis may be summarized as follows:

(1) OAD facilities using EB evaporation and sputtering deposition technique has been set up.
(2) Quantitative assessment of indentation modulus and micro-structural properties of
obliquely deposited HfO, thin films have been carried out.

(3) Local structure of GLAD HfO; thin has been studied by EXAFS measurements.

(4). Effect of angle of deposition on micro-roughness parameters and optical properties of
HfO, thin films deposited by EB evaporation have been carried out.

(5). Study of Hafnium Oxide thin films deposited by RF magnetron sputtering under glancing
angle deposition at varying target to substrate distance has been done.

(6). Optical, morphological, structural, micro-structural properties and residual stresses of
ZrO, thin films deposited at glancing angle by magnetron sputtering under varying substrate
rotation have been explored. Results obtained have been compared with ND ZrO, films.

(7). Development of broadband antireflection coating using OAD of SiO; thin films.

In future, effect of substrate temperature and deposition pressure could be explored
for oblique angle deposition of various optical thin films. Influence of co-deposition in OAD
configuration could also be investigated. Finally OAD could be used to fabricate various

stable rugate structure based interference devices for optical applications.
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CHAPTER 1: INTRODUCTION

1.1. Introduction

Porous coatings have potential applications in optical devices, sensors, energy harvesting
devices, solar cells, thermal barrier coatings, micro fluidics etc. To fabricate such coatings,
oblique angle deposition (OAD) is the most reliable, precise and established method [1].
OAD thin films have been a field of interest for researchers and technologist for years due to
their novel and fascinating physical and chemical properties. This technique [2-4] generally
utilizes physical vapour deposition in which incoming flux of ad-atoms is allowed to strike a
substrate at an angle with or without substrate rotation. By employing the variation in
deposition parameters such as substrate rotation (), angle of deposition (a), rate of
deposition, and substrate temperature (Ts), different microstructures depicting unique
physical and chemical properties could be achieved. OAD of thin films generally work at
angle > 60° and when this angle of deposition reaches > 80° it is termed glancing angle
deposition (GLAD). By employing substrate rotation and varying deposition angle, different
microstructure patterns like pillar, helix, zigzag, erect columns etc., have been achieved [5-7].
OAD thin film deposition may be treated as a combination of top-down and bottom-up
nanofabrication process [1, 3]. During conventional film deposition, a flux of atoms in vapour
phase strikes upon a substrate normally and condense there to produce a dense solid thin film.
In OAD/GLAD, the substrate is inclined to vapour atoms, thus creating oblique deposition
geometry. Atoms condense on the substrate spontaneously to form microscopic nuclei.
Ballistic shadowing [1, 3] prevents incoming vapour from condensing into regions behind the
nuclei, causing the nuclei to develop into columns that tilt towards the vapour source and
hence leads to increased voids or porous micro structure. This porosity can be controlled and

even be varied along film thickness in a designed manner by changing substrate tilt and
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rotation in a design fashion. For example, rugate structures can be fabricated using single
material by varying deposition angle so that refractive index varies continuously in a

predefined manner along thickness [8-10].
1.2. Theory of OAD/GLAD

1.2.1. Ballistic shadowing

Ballistic shadowing for ad-atoms is the main mechanism which accounts for the porous
columnar microstructure of thin film fabricated by OAD. Ballistic shadowing works in case
of well collimated incoming vapor of ad-atoms. Shadowing effect becomes poor for a large
angular spread of flux of ad-atoms. Either large distance between substrate and vapor source
or physical masking which allow a small part of un-collimated flux coming to the substrate,
can offer favorable conditions for prominent shadowing effects. With the increase of distance
between substrate and vapor source, incident flux collimation becomes better resulting in
prominent shadowing effects for a substrate having fixed size. Although for longer distances
between substrate and source, good vacuum conditions (< 10™ mbar) inside the chamber are
required to eliminate the scattering of incoming atoms with the molecules of residuals inside
the vacuum chamber. To produce high-quality structures, mean free path of atoms should be
larger than the source—substrate distance. Mean free path (simple formulation) of air

molecule at room temperature is given as follows [11]

_5x10°°
P

I cm (1.1)

Since in electron beam (EB) or thermal evaporation, deposition can be carried out relatively
at lower pressures, longer mean free paths could easily be achieved [12]. Therefore, EB
evaporation is widely used for OAD/GLAD techniques. However, there are some types of
coating materials such as alloys, which cannot be deposited properly by such techniques. For
such cases, sputtering and pulsed laser deposition technique could be used, but at the cost of a
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wider angular distribution due to large target size and scattering from the sputtering gas. For
wider angular processes, a physical screen which allows a subset of incident vapor flux can
restore collimation [3, 13]. GLAD conditions were even achieved by researcher at higher

pressures of 0.1 Torr to deposit ZnO thin films by pulsed laser deposition [14].

1.2.2. Film nucleation and column growth

Thin film growth occurs in several phases: (1) Vapor condensation and nucleation (2) Island
formation and growth (3) Island coalescence (4) Agglomeration and continuous structure
formation and (5) Thickness growth.

The evolution of film structure through these growth phases is described by Chopra [15],
Heavens [16] and Milton Ohring [17] in detail. Here nucleation and growth process of only
OAD/GLAD thin films is discussed. In the initial phase of vapor condensation and nucleation,
incoming vapor particles (atoms/molecules) arrive at the substrate and are quickly physiso-
absorbed via several mechanisms on the surface. Depending on the substrate temperature and
atom-substrate interaction conditions, such adsorbed ad-atom diffuses on the surface. This
diffusing ad-atom can bind with other ad-atoms or clusters to form macroscopic nuclei on the
substrate surface. Ad-atoms from such randomly placed nuclei over substrate can re-
evaporate also depending on substrate temperature. So, there is a competition between growth
and condensation and detachment of ad-atoms from nuclei. With the growth of nuclei, re-
evaporation rate of ad-atoms decreases and finally nucleus attains a critical size. The nuclei
which attain critical size are small having size of order of few atoms, grow fast and become
dominant features over the substrate. Further expansion of these nuclei follows one of the
three growth modes:

(1) Volmer—Weber growth: In this mode, atoms are strongly bound to each other and weakly

bound to the substrate resulting in 3D island formation.
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(2) Frank—van der Merwe growth: In this mode, substrate-ad-atom interaction dominates
leading to 2D layer formation.

(3) Stranski—Krastanov growth: It is mixed growth mode. First few 2D mono-layers are
followed by 2D island formation. Such switching in growth occurs due to strain build-up,
change in lattice symmetry and molecular orientation.

Since VVolmer-Weber growth model roughens the substrate having no initial feature, is most
important for OAD. Any defect on substrate accelerates roughening. Initial stage of film
growth in OAD configuration with « as incident angle of vapor flux with respect to substrate
is shown schematically in Fig. 1.1 (a). This randomly organized nucleus further grows in
columns and generates shadows. Formation of columnar structure is essentially governed by
structure zone model-I [7-10] in which substrate temperature (Ts) is related to melting point
(Tm) of deposited material by following relation:

lS
—<0.3 1.2

M
Thus in OAD, nuclei grow in to column and cause the shadows (voids) formation as shown in
Fig. 1.1 (b). Such formed columns and voids have size distribution. It results in the screening
of some of the nuclei by neighboring nuclei from incoming ad-atoms. In this way, growth of
screened nuclei is suppressed as shown in Fig. 1.1 (c). After some time, smaller and
suppressed nuclei become completely shadowed and stop growing as presented in Fig. 1.1 (d).
Such columns are called extinct columns and this process continues throughout the GLAD
thin film growth. Finally top of the nuclei grow in to columns, tilted towards incoming vapors
of ad-atoms. Tilt angle B is defined in Fig. 1.1 (d) and it is always less than or equal to
incoming vapor angle a. There can be multiple value of B depending angular distribution of

incoming vapors.
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1.2.3. Column tilt Angle in OAD

Growth of tilted columnar micro-structure in OAD of thin films is governed by several

process parameters such as substrate temperature, angle of deposition, rate of deposition,

(b)

af. caa .o @ & PP rPPrPPsP

(©) (d) / o

Fig. 1.1: Different state of nucleation in oblique angle deposition

chamber pressure, substrate and vacuum composition. Dependency of column tilt angle $ on
angle o is not governed by any single rule. A relationship between o and £ determined
experimentally for evaporated Al thin films, only offers a general guideline. This relation was

given by Nieuwenhuizen et al. [18] and popularly known as tangent rule is as follows:
4(1
L =tan (Etan a] (1.3)

Tangent rule was further modified by Hodgkinson et al. [19] by adding an addition fitting
parameter. However, tangent rule gives satisfactory results up to a=60° and deviates from
experimental data for high oblique angles. Tait et al. [20] used ballistic deposition model
which describes thin film column angle behavior closely matching with that of real film.
They considered sequential deposition of hard discs (ad-atoms) and such hard discs diffuse

over some distance after initial contact with the film; but diffusion is limited to a single
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column. The most general formulation developed by considering shadowing from one
neighbor is given by [20]:
p=a-sin"[(1-cosa)/ 2] (1.4)

The discussed model can only provide first order approximation of expected behavior of tilt
angle . Actual tilt angle in GLAD films may be perturbed by several factors such as
substrate temperature, deposition rate, chamber pressure, different material, interaction
between substrate and deposited material [19, 21-25]. Fig. 1.2 (a) shows the comparison of
measured and calculated values of angle f for EB evaporated HfO, thin films. Values of
angle $ were measured from FESEM cross-sectional morphology and calculated from tangent
and Tait’s [20] rule. For higher incident flux angle, measured value of § is close to that

predicted from Tait’s cosine rule.

1.2.4. Film Density

Since OAD films depict porous columnar structure, film density depicts a radical decrease in
film density especially on higher incident angle of incoming flux. Tait et al. [20] derived an
expression for film density using geometric model of columnar growth in OAD thin films.

The film density (o) for OAD film in terms of deposition angle is given as follows:

2C0Sx
=p —7 1.5
P=P7  cosa (1.5)

Here p, is the density of normally deposited thin film (a = 0°). Once again, this expression
gives first order approximation of expected dependency of density of OAD film on angle of
deposition. Exceptions of this equation for real OAD films are reported in literature [26, 27]
especially near glancing angle deposition. The variation of film density on incident flux angle
for EB evaporated HfO, thin film is shown experimentally in Fig. 1.2 (b) and then the

calculated density from above equation is compared with the experimental data.

19



7 10
60 / 1
® Measured ,»@ 99
/. ]
504 — — Tangent Rule e 8
’g - - - Tait rule (cosine rule) o 9,
&= 1 -/ 74
20 . PN
g 40 </ g
= 1 E 6 R
a / ¥ a —a&— Calculated
) / é‘ = Measured
=0 30 z 5
2 % g
= / o 44
= 204 = ] Y
= . 7 E , =
£ . 7 g 7]
= 10 . 7 HB
o 104 v 24
Q . -
s 14
04 il
T . T T T ' T o T 0 T T T T T
0 20 40 60 80 0 20 40 60 80
Incident flux angle, o (degree) Substrate tilt angle, o (degree)

Fig. 1.2 (a): Measured and calculated column tilt angle and (b) Measured and calculated
film density as a function of vapour incident flux angle (o).

1.2.5. Substrate motion

In OAD, two motion of substrate: substrate tilt and azimuthal rotation are exploited to
fabricate various porous micros-structures. For any deposition in OAD configuration,
substrate motion is defined by two motions collectively (e, ¢). For stationary substrate ($=0),
slanted columnar growth occurs. Such slanted columnar growth shows biaxial anisotropy in
various properties of thin films. In OAD, shadowing effects work in the direction parallel to
vapour flux but there is no mechanism for limiting columnar growth in transverse direction,
leading to broad columns. The columns broadening keep continue with the film growth until
the columns merge with adjacent. By employing the precise and controlled change in (o, ¢),
beautiful GLAD micro and nano structure such as, helical, zigzag, straight pillars etc. [6, 7,
28, 29] can be achieved. Fig. 1.3 (a) and (b) show schematic of OAD and slanted columnar

growth of HfO, thin films.
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Fig. 1.3 (a): Schematic of oblique angle deposition and (b) Tilted columnar structure of EB
evaporated GLAD HfO, film as measured from field emission scanning electron microscopy.

Rugate structure can be achieved by continuously varying tilt angle « with fixed value of
substrate rotation [8-10, 30]. Continuously varying o between two extreme values leads to
continuous variation in film porosity and hence refractive index in turn behaves like a high-
low index stack. The advantage of substrate rotation in such coatings is to eliminate biaxial

optical anisotropy [1].

1.3. Literature survey and Motivation

As discussed in section 1.1, OAD of thin films has several applications in various fields.
Dominant applications of OAD films are in the field of optics and photonics. For optical
applications, there are well developed theoretical models and control of microstructure on a
relevant scale of optical applications. From optical application point of view, researchers
have exploited the inherently developed birefringence of slanted columnar growth of several
optical materials to develop wave plates and optical retarders. Oliver et al. [31] fabricated a

quarter wave retarder using MgO GLAD thin films to be used at 351nm in vacuum
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environment. Harris et al. [32] developed various birefrengent layers of indium tin oxide by
oblique angle deposition making them transparent in visible wavelength range and
electrically conducting (for flat panel applications). Andy C. Van Popta et al. [33] performed
experiments to enhance the birefringence of OAD TiO; thin films. They carried out bi-
deposition of TiO, thin films at a=60° and 70° with repetitive 180° substrate rotation. They
annealed the fabricated structure between 200°C to 900°C and achieved the doubling in
birefringence (4n=0.22). A. Lakhtakia et al. [34] developed multi-section chiral sculptured
thin films that function as spectral reflection holes for fluid sensors applications. Refractive
index profile can be tuned in OAD thin film by varying deposition angle « in a controlled
manner along thickness of thin film. Many researchers have explored this to develop GLAD
optical filters. As various materials can be deposited and many refractive index profiles can
be realized, the GLAD process provides significant flexibility in designing optical thin film
devices. K. Robbie et al. [35] fabricated a 50 nm band width reflection filter by using single
material MgF,. They varied refractive index of MgF; sinusoidaly along thickness by varying
angle a between 51° and 81°. Yumei Zhu et al. [36] proposed theoretical formulations for
depositing multi stop band filter using GLAD technique. They realized such filters by
exploiting mix index profile (sinusoidal+ step) of GLAD TiO, thin films deposited by EB
evaporation. Similar refractive index variation of GLAD TiO; film were used by Andy C. van
Popta [30] to fabricate 15 nm band width narrow band pass rugate filter at 532 nm. Kennedy
et al. [37] deposited glass substrate with graded index layer of GLAD SiO, thin film with
Gaussian index profile resulting in 99.9% transmission in 46 nm band width. Apart from
optical rugate filters, many researchers have reported work on 2D and 3D photonic crystal
[38-43], luminescent devices [44, 45] and liquid crystal devices [46, 47] utilizing
OAD/GLAD optical thin films. Apart from devices, various studies of OAD optical thin films

have been carried out by researchers. Effect of substrate temperature, rate of deposition,
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chamber pressure, effect of annealing, substrate to source distance on optical, mechanical,
morphological and structural properties have been investigated.

Oxides are an important class of optical coating materials, because they generally form hard,
abrasion resistant, chemically and environmentally stable films with a variety of refractive
indices and high transmission spectral ranges. HfO,, SiO; and ZrO, which are widely used
oxide materials for the development of thin film multilayers based interference devices, have
been selected for OAD experiments and studies in present thesis. More discussion on
important properties and applications of these optical materials will be discussed in
subsequent chapters.

Very few reports are available on OAD/GLAD of such oxide films [37, 48-50] and
especially research on their elastic/environmental stability and correlation between different
properties is scanty. An extensive study of their mechanical properties, complete
morphological and optical characterization and correlation among different properties need to
be explored further to understand them closely. Especially effect of variation of different
process parameter on microstructure and other properties needs to be studied before the
realization of devices based on such films. In the present thesis, an extensive study of elastic,
optical, morphological, structural and micro-structural properties of obliquely deposited HfO,,
ZrO, and SiO, thin films by EB evaporation and sputtering is presented. Effect of process
parameter such as deposition angle, substrate rotation and substrate to source distance on

various film properties has been investigated.

1.4. Outline of the Thesis

In this thesis, oblique angle deposition of optical material such as HfO,, ZrO, and SiO, has
been carried out by EB evaporation and sputtering techniques. The thesis has been organized
in seven chapters to discuss different aspects of the present work. The contents of the

chapters are summarized as follows.
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In chapter 1 which is present one, background for the work presented in this dissertation has
been given. In this chapter, theory of OAD and its importance in the field optical coating and
photonics has been discussed. A literature survey, introduction to materials investigated and
motivation of the present thesis is presented.

Chapter 2 describes the experimental techniques which have been used to carry out
experimental work presented in the thesis. It includes the deposition techniques used for
depositing thin films, various characterization techniques such as atomic force microscopy,
atomic force acoustic microscopy, UV-VIS-NIR spectrophotometer, spectroscopic
ellipsometry, grazing angle X-ray Reflectrometry (GIXR), grazing angle X-ray diffraction
(GIXRD), Extended X-ray absorption fine structure spectroscopy (EXAFS), wetting
properties measurements (contact angle measurement), and field emission electron
microscopy (FESEM).

Chapter 3 is devoted for OAD of HfO; thin films by EB evaporation. In this chapter, the
influence of angle of deposition on elastic, morphological, optical, structural and
microstructural properties has been studied. Effect of angle of deposition on local structure
of such thin films has also been assessed by performing EXAFS experiments.

In the chapter 4, GLAD HfO, thin films deposited by RF sputtering have been studied. In this
chapter, such films have been explored with respect to two vital deposition parameters
visualizing such as deposition angle and target to substrate distance. Effect of substrate to
target distance, angle of deposition on structural, morphological and optical properties has
been investigated.

Chapter 5 has been divided in two parts:

I. Glancing angle deposition of ZrO, thin films by magnetron sputtering:
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In this part of the chapter, various properties such as structure, optical properties, morphology
and residual stress of GLAD ZrO; film has been studied with respect to substrate rotation.
Such films have also been compared with normally deposited ZrO; thin film.

I1. Glancing angle deposition of ZrO, thin films by EB evaporation:

In this part of the chapter, ZrO, thin films have been deposited on fused silica by EB
evaporation in normal as well as OAD configurations (82°). A comparative study of grain
structure, indentation modulus, refractive index and film porosity has been carried for
normally and obliquely deposited films.

In the chapter 6, SiO, thin films deposited on glass and fused silica substrate in OAD
configuration have been discussed along with their optical and morphological properties, and
film density. The results are compared with the normally deposited (ND) SiO, films for the
gained advantages. Further, a 2-layer design of SiO, thin films deposited at two oblique
angles on both sides of glass substrate have been chosen to develop a broad band
antireflection coating. Wetting characteristics of such films have also been tested.

Chapter 7 comprises the summary of important findings of the work carried out in the present

thesis as well as the future prospects.
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CHAPTER 2: EXPERIMENTAL
TECHNIQUES

This chapter has been presented in two parts. Part-1 describes the deposition techniques used
to deposit the thin films and in part-2, the experimental technique used to characterize the

films has been presented.

2.1. Deposition Techniques

Electron beam evaporation (EB) and RF magnetron sputtering technigues have been used to

fabricate the thin films studied in the present dissertation.

2.1.1. Deposition by EB evaporation

Evaporation of materials by resistive heating has many short coming like reaction of
evaporant with its holder, need of very high current to heat boat, inability to evaporate
refractory oxides efficiently etc. Such problems are easily overcome by using EB heating.
EB evaporation is now the preferred technique for most of the materials, especially the
refractory oxides [51]. EB evaporation is a form of physical vapour deposition in which
evaporating material is kept in a suitable crucible (generally copper) and an intense beam of
electrons bombards the evaporant. Electron beam heat the central portion of the exposed
surface of evaporant and there is reasonably long path for thermal conduction in evaporating
material to hearth or crucible. In this way, crucible can be kept at much lower temperature
than the melting point of evaporant leading to the non-occurrence of reaction between hearth
and evaporating material. In this process, crucible is normally water cooled and copper is

normally preferred as crucible material due to its high thermal conductivity.

26



vapours

Heated material

Magnetic field

‘Water cooled (out of the page)

holder

Filament

Fig. 2.1: Schematic diagram of 270° deflection EB gun module.

The electrons are emitted from a tungsten filament and are guided to hit evaporant by a high
potential (6-10 kV). Various types of electrodes and forms of focusing arrangement have
been used at different times but bent-beam type of arrangement of gun has been adopted
universally. The crucible is kept at the ground potential (grounded) and the filament is kept at
high negative voltage with respect to crucible. The filament and electrodes are placed under
the crucible to keep it away from the reach of the evaporant vapours. The thermionically
emitted electron beam from cathode is bent greater than a semi-circle (270°) by using
magnetic field and focused on the material in the crucible. A typical EB source of such type
is shown in Fig. 2.1. This eliminates the problems of early EB systems that had filaments in
line of sight of the crucible and hence considerably shortened life due to reactions with the
evaporant. The position of the spot is controlled and scanned over the crucible by using
supplementary magnetic fields derived from coils. Beam scanning increases the area of

heated material. Such type of EB evaporation arrangement reduces the temperature necessary
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to maintain the same rate of deposition and improves the efficiency of use of the material in
the crucible. EB is particularly useful to evaporate materials that possess very high
evaporation temperatures and/or the materials that react with boat. The materials like
refractory oxides viz., ZrO,, HfO,, Al;O3, and SiO; can easily be evaporated by EB
evaporation. Not all electrons are used to heat the material. Some of them are reflected,
converted in to secondary electrons and X-rays which may perturb the microstructure of
growing film.

For fabricating the film for present thesis, Vacuum Technique Dressen (VTD),
Germany make, a fully automatic Vera 902 EB deposition system has been used. Actual
photograph and schematic of complete EB deposition system are in shown Fig. 2.2 (a) and
(b). Fig. 2.3 (a) and (b) display oblique angle deposition set-up incorporated in EB deposition

system and schematic of oblique angle deposition set-up respectively.

wskg  Surdumg o],

Fig. 2.2 (a): Actual photograph and (b) Schematic diagram of used EB deposition system.

This system has two EB guns of 8 kW capacities. There are 4 pockets to contain evaporant
installed with each gun. Substrate holder is dome shaped and can be rotated at varying speed

to produce thin films of uniform thickness. A radiation heater is kept just above the substrate
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holder to heat substrates (up to 450°C). Substrate heating is required to get good adhesion of

film with substrate and/or optimum optical properties. Rate of deposition and

(0}

(b)

N\
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substrate

‘ EB evaporation
source

/

Fig. 2.3: (a) Dual gun EB deposition system with oblique angle deposition facility, and (b)
Schematic of oblique angle deposition set-up.

thickness of the growing film are controlled by XTC quartz crystal monitors (Inficon make).
Leybold make OMS 2000, optical monitor is alternatively used to monitor thickness of
optical thin films. Rate of evaporation can be varied by changing filament heating current and
automatically be done by the feedback from quartz crystal monitor. For oblique angle
deposition, a separate substrate adopters of different sizes were used to bring substrate
surface at desired angle to EB beam. Vacuum inside the chamber is achieved by the

combination of diffusion, rotary and roots blower vacuum pumps.

2.1.2. Deposition by sputtering

Sputtering process has been used for many years to deposit hard coatings (wear-resistant
coatings), low friction coatings, corrosion resistant coatings, decorative coatings and coatings
with specific optical or electrical properties [52]. In the basic sputtering process as shown in

Fig. 2.4, a target (or cathode) plate is bombarded by energetic ions of an inert gas generated
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in glow discharge plasma, situated in front of the target. Bombarded atoms transfer their
momentum to target atoms by collision process. It causes the removal of target atoms by

cascade phenomena. This process of removal of target atom is called sputtering.
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Fig. 2.4: Basic mechanism of sputtering process.

Sputtered atom from target may condense on a substrate to form a thin film. Secondary
electrons are also emitted from the target surface as a result of the ion bombardment, and
these electrons play an important role in maintaining the plasma. The basic sputtering process
has been known for many years and many materials have been successfully deposited using
this technique [52-54]. However, the process is limited by low deposition rates, low
ionization efficiencies in the plasma, and high substrate heating effects. These limitations can
be overcome by magnetron sputtering. Magnetrons make use of the fact that a magnetic field
configured parallel to the target surface can constrain secondary electron motion to the
vicinity of the target. The magnets are arranged in such a way that one pole is positioned at
the central axis of the target and the second pole is formed by a ring of magnets around the
outer edge of the target. Trapping the electrons in this way substantially increases the
probability of an ionizing electron—atom collision occurring. This, in turn, leads to increased

ion bombardment of the target, giving higher sputtering rates and, therefore, higher
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deposition rates at the substrate. In addition, the increased ionization efficiency achieved in
the magnetron mode allows the discharge to be maintained at lower operating pressures
(typically, 102 mbar, compared to 10 % mbar) and lower operating voltages (typically, —500V,

compared to —2 to —3 kV) than is possible in the basic sputtering mode.

Substrate holder

Fig.2.5: GLAD set up for RF magnetron sputtering.

In present dissertation, an indigenously developed, multi-magnetron sputtering system
equipped with fully automatic process control modules has been used to deposit oxide thin
films. It consists of 75 mm magnetrons (Angstrom Science make) compatible with bipolar
pulse DC, DC and RF power supply. Substrate to target distance can be tuned between 60 to
125 mm. Capacity of DC, PDC and RF supplies are 10kW, 10kW and 1kW respectively. A
turbo molecular pump backed by rotary pump has been used to evacuate the vacuum
chamber. For monitoring and controlling thickness and rate of deposition, MDC-360C, multi-
channel quartz crystal controller was used. The system is equipped with three mass flow
controller to pass different gases (O2, Ar, Ny) inside the chamber (for reactive sputtering).
The system can also work in co-sputtering mode. For glancing angle/oblique angle

deposition, a vacuum compatible motor has been installed inside the chamber to rotate and
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hold substrate at desired angle with respect to sputtered atoms flux. The minimum and
maximum rotation speed of the motor is 0.25 and 100 revolution per minute. For Present
dissertation, RF sputtering has been employed to deposit the thin films in glancing angle

deposition configuration.

2.2. Characterization Techniques

2.2.1. Atomic Force Microscopy (AFM)

Scanning tunneling microscopy (STM) is a useful tool for surface characterization for metal
and semiconductors on an atomic scale [55]. Its major limitation is the need of conducting
sample. In 1986, Gerd Binning, Cavin Quate and Christoph Gerber [56] proposed a new type
of microscopic technique which could overcome the need of conducting sample. In this
technique, forces between probe and samples are measured in atomic scale. The technique is
known as AFM. AFM is a synthesis of mechanical profilometer which uses mechanical
springs to sense forces and the STM which uses piezoelectric transducers for scanning. It has
become one of the most important microscopic techniques used to characterize nano scale
structures, surfaces and their properties. It is now an indispensable characterization tool in the
field of nano science and nanotechnology and being used routinely in different research areas.

In AFM, a probe tip is attached to a cantilever spring. Under the effect of tip-sample
forces, cantilever is deflected following Hook’s law and the deflection is recorded by
scanning the cantilever over sample surface. Fig. 2.6 shows the schematic of working
principle of AFM. The cantilever deflection is detected by an ‘optical lever’ method and
converted into an electrical signal to produce the images. In this method, a laser beam is
reflected from the back side (high reflection coating) of cantilever (near free end) end.
Reflected beam is incident on a position sensitive detector (generally 4 quadrant spitted photo

diode). As the cantilever gets deflected, the angle of reflected beam changes and the spot falls
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on a different part of the detector. The signals from the four quadrants are compared to
calculate the position of the laser spot. The vertical deflection of the cantilever can be
calculated by comparing the signal from the ‘top’ and ‘bottom’ halves of the detector. The
lateral twisting of the cantilever can also be calculated by comparing the ‘left’ and ‘right’
halve signals from the detector. This detection system measures the cantilever defection with
sub-Angstrom sensitivity. The precise scanning of tip over sample is performed by using
piezo-electric tube scanners ceramics. Such scanner can move in sub-Angstrom steps in X, Y
and Z-directions. To carry out accurate and noise free measurement, vibration isolation and
acoustic suppression is mandatory in AFM system. The AFM cantilevers are fabricated from
Si or SizNy. Typical tip radius of curvature ranges from 1-20 nm. Lower radius of curvatures
is required to get higher resolution.

The force F(r) between cantilever tip and sample is the basis of AFM imaging and for

short distance between atom /molecules, Van der Waals forces dominates.
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Fig. 2.6: Schematic of working principle of AFM.

Vander wall forces are derived from the Lenard Jones potential as follows:

F(r)=grad(U(r))=%(%—%]:r%—rE7 (2.1)
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A and B are coefficients and r is the inter-atomic/molecular distance. Typical form of Van der

Waals forces has been drawn in Fig. 2.7.

2.2.1.1. Mode of operation of AFM

AFM can be used both in static and dynamic mode. There are three modes of operation as
described below.

2.2.1.1.1. Contact mode

This is static and widely used mode of AFM operation. In this mode cantilever tip is raster
scanned over the surface of sample while being in touch with surface. The force between tip
and sample is in the range of 10° to 10° Newton. The tip deflected as it moves over the
surface irregularities. Contact mode can either be used in constant force or constant height

mode but generally it is used in constant force mode. In this mode, the tip is constantly
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Fig. 2.7: Dependency of force on distance between tip and sample.

adjusted to maintain a constant deflection and hence constant distance between tip and
sample surface. The movement of Z-scanner to maintain constant height between tip and
sample is displayed as topographical image of surface irregularities. To maintain constant
height between tip and sample, a feedback arrangement as shown in Fig. 2.6 is utilised. In

case where surface is smooth, a constant height mode can be used. The advantage of constant
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height mode is high scanning speeds. Resolution in constant height mode is poor. For contact
mode, a relatively softer tip having low spring constant is used (~ 0.1 N/m) to avoid any

surface or tip damage and to get good deflection contrast.

2.2.1.1.2. Non-contact mode (NCM)

Non-contact mode is performed at tip-sample distance of 10 to 100 nm. The force F(r) is
attractive and ranges from 10 to 10”° N. Obviously forces are poorer compared to contact
mode leading to poor sensitivity. To make the measurement sensitive, an oscillating
cantilever just above its resonance frequency (o) is used. When the tip is brought closer to
the sample, the resonance frequency o, will decrease according to o, = V[w? - (1/m)(8F/z)].
This induces a decrease of the amplitude of the vibration. Here wo is free resonance
frequency of cantilever. The amplitude/frequency is then used to control tip-sample distance
and is used to generate surface topography. For this mode, a stiff cantilever having spring

constant (~10 N or more) is chosen to carry out the measurement.

2.2.1.1.3. Semi-contact or Intermittent mode

This mode relies on the same principles as the NCM imaging, but the cantilever is now
driven at a frequency just below the resonance frequency. The amplitude of the vibration will
increase when bringing the tip closer to the sample, up to the point when during part of the
cycle the tip touches the sample. This induces a decrease of the vibration amplitude, which is
used to control the tip-sample distance and to generate topography.

All the mode has advantages and disadvantages over others. Generally for hard and stiff
surface, contact mode is preferred whereas for soft samples like biological samples, non-
contact or semi-contact mode is chosen. Semi contact mode is rather preferred over other
modes due to its ability of giving high resolution without arte effect. Apart from topography,

AFM can be used to scan adhesion forces, friction force, phase imaging which gives
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compositional contrast, force modulation to scan elastic properties, magnetic force
microscopy to scan magnetic domains, force distance spectroscopy, dynamic force
microscopy, thermo conductivity, electrostatic force imaging and shear force imaging [57,
58].

For present thesis, NT-MDT make solver P47H SPM system has been used to carry out

surface morphological measurements in contact and semi-contact mode of operation.

2.2.2. Atomic Force Acoustic Microscopy (AFAM)

Various developed SPM techniques allow measuring different local physical properties of the
surface investigated. One of the key properties of interest is local elasticity or local
indentation modulus. Several SPM modes such as phase imaging, force modulation imaging,
and some other dynamic force imaging techniques can characterize elastic properties of
sample qualitatively. However, force modulation technique can also give quantitative
estimation of elastic properties but with poor sensitivity. The research works were still
demanding for a scanning based technique that could give quantitative elastic properties [59-
62] with high sensitivity and accuracy. AFAM developed by group of Prof. W. Arnold [60]
can give qualitative as well as quantitative elastic properties of the test surfaces.

This method is based on measuring of variations of cantilever dynamic properties such
as resonance frequency, amplitude and Q-factor caused by variation of the contact stiffness
between tip and sample surface. The cantilever is operated in contact mode with constant
deflection while the sample is set in to vibration by ultrasonic transducer on the frequency of
cantilever flexural resonance. If cantilever properties such as dimension, spring constant and
fundamental resonance frequency are known, contact stiffness of tip-sample can be derived
from contact resonance spectra using characteristic equations described for clamped-spring-

cantilever [60, 63]. Using Hertzian contact theory [64] for tip-sample contact, indentation
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modulus of sample can be determined provided contact stiffness measurements have also
been performed on a reference sample of known indentation modulus.

Generally, single reference method for determining gives Young’s modulus value having
error more than 20%. Major source of error are uncertainty in tip dimensions and indentation
modulus. Using dual reference method such errors can be eliminated [65]. Apart from
quantitative evaluation of elastic properties, AFAM can also be used to scan elastic properties
nano metrically in terms of phase difference of cantilever vibrations. Contact resonance
frequency can be scanned by AFAM and using suitable references, indentation modulus
image can be generated nano metrically. Fig. 2.8 (a) and (b) show the topography and AFAM
phase contrast image of Fe,03-SiO, composite thin film deposited by co-evaporation. AFAM

phase imaging gives a high contrast image depicting grains clearly whereas
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Fig. 2.8: (a). AFM topography in contact mode (b) AFAM phase contrast image of Fe,;Os-
SiO; co-deposited thin film.

AFM height image does not reveal grain boundary clearly. Therefore, AFAM images are not
only used for scanning elastic properties but for high contrast morphological images also. For
the characterization of elastic properties, NT-MDT make AFAM system equipped with a
piezo-electric transducer has been used. Detailed description of measurement has been given

in chapter 3.
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2.2.3. Field Emission Scanning Electron Microscopy (FESEM)

Nano science and technology has been driving the development of recent electron
microscopy demanding not only improved resolution of features but also for more
information from the sample [66]. FESEM images a sample surface by raster scanning over it
using high energy beam of electrons as probe. FESEM is a powerful imaging technique with
a spatial resolution of 1 nm. It is an ideal tool for imaging morphology and to measure the

thickness of thin film.
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Fig.2.9: Schematic of Field Emission Scanning Electron Microscopy.

In FESEM, Field emission electrons are liberated from a sharp tip of the filament by
applying very high voltages. These emitted electrons get focused by electromagnetic
condenser lens to form a sharp electron beam with a narrow energy spread. A schematic
representation of FESEM is illustrated in Fig. 2.9. The focused electron beam is used to raster
scan over the material surface to get the morphology. The possible emission characteristics

upon interaction of incident electron beam with matter are shown in Fig. 2.10. Generated
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secondary and back scattered electrons are analyzed by respective detectors to obtain

morphology.
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Figure 2.10: Probable emissions during electron beam interaction with material surface.

In addition to morphology, the back scattered electrons also gives atomic number (Z) contrast
which is useful for mapping of different phases embedded in the surface. Thickness
measurement of thin coatings and films, correlation of surface appearance and surface
morphology, characterization of size, size distribution, shape and dispersion of additives,
particulates and fibres in composites and blends, measurement of height and lateral
dimensions of nano-meter sized objects, characterization of cell size and size distribution in
foam materials, elemental analysis of micron-sized features, fracture and failure analysis, and
defect analysis are main applications of FESEM in nano technology and material science.

In the present dissertation, FESEM (supra 55, Carlzeiss, Germany) has been used to measure
cross-sectional morphology and thickness of the films. Energy of the electron beam was
maintained at 5 keV while taking cross-sectional FESEM imaging of oxide thin films used in

the present thesis.

2.2.4. Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy

X-ray absorption spectroscopy (XAS), which deals with the measurement of the X-ray

absorption spectrum of a sample from 50 eV below to 1000 eV above the absorption edge
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(K-, L- or M-edges) of a particular elemental species present in a material, comprises two
complementary techniques, viz. X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS). The former throughs light on the oxidation state of
that particular element whereas the latter provides relevant information regarding the bond
lengths and the coordination numbers of the neighboring shells around the elemental species
in the material as well as regarding the disorder (both thermal and structural) present in the
system. This technique has added advantage of being element-specific and crystallinity of
sample is not a prerequisite. With X-rays being fairly penetrating in matter, this technique is
not inherently surface-sensitive and average bulk information from a sample can be obtained.
With the advent of modern bright synchrotron radiation sources, this technique has emerged
to be one of the most powerful techniques for local structure determination, which can be
applied to any type of material, viz. amorphous, polycrystalline, polymers, surfaces and
solutions under different ambient and extreme environmental conditions [67-69]. XAS beam
lines are some of the most significant and extensively used experimental facilities at
synchrotron radiation sources all over the world.

In this technique, the energy of the X-ray photon is used to excite a core-electron of the
sample atom and the atom is left in an excited state with an empty electron orbital (a core
hole). The excited electron is called photo-electron and the kinetic energy of this electron
‘Exin’ equals the difference of the energy from the incident X-ray photon ‘% *and the binding
energy of the electron E; (Exin = w- E;j). The probability that an X-ray photon is absorbed by
the radiated material is given by the absorption coefficient p and it can be observed that p
increases strongly when the x-ray energies equal the binding energies ‘E;’ of a core-electron
of an element in the investigated material (Fig. 2.11). These step-like features in an
absorption spectrum are called absorption edges. X-ray absorption spectra measured show

oscillations just above the absorption edge as shown in Fig. 2.12 for copper foil.
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Fig.2.11: Absorption spectra of several elements. The energies of the absorption edges
correspond to the binding energies of the core-electrons of the element that are excited.

These oscillations are called X-ray absorption fine structure and result from the fact that in
condensed matter all atoms are embedded in a defined structure with neighbouring atoms at
specified distances. The absorption spectra contain information about the structure of the

material under investigation. The information obtained depends on the X-ray energy with
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Fig. 2.12: Absorption spectra of Copper foil measured at the copper K-edge. The EXAFS
region begins approximately 50 eV above the absorption edge.
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respect to the binding energy of the electron ‘E;” and thus the spectrum can be divided into
two parts: the X-ray absorption near edge structure (XANES) and the extended X-ray
absorption fine structure (EXAFS).The near edge structure extends up to 50 eV above the
absorption edge. In this energy region the core electron is excited to an unoccupied bound
state, so that the shape of the absorption edge depends on the density of states closely above
the Fermi level. Therefore, the oxidation state and binding geometry influence the XANES
part of the spectrum. The region from 50 eV-1000 eV above an absorption edge is called
EXAFS. This part of the spectrum contains information on the types and number of neighbor
atoms to the absorbing atom.

EXAFS measurements in present thesis were carried out at the energy scanning EXAFS
beamline (BL-09) in the fluorescence mode at the INDUS-2 Synchrotron Source (2.5 GeV,
120 mA) at the Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India[70].
Detailed procedure of measurement and data analysis is given in chapter 3 of the present

thesis.

2.2.5. Optical Characterization

Optical characterization of thin films in the present thesis has been carried out using
following two optical interference techniques

2.2.5.1. Spectrophotometry

Optical constants of substrate and thin film and film thickness have been determined from
spectrophotometric measurements. A dual beam spectrophotometer was used to measure the
transmission spectra of test samples. A working schematic of Shimadzu make dual beam
spectrophotometer is shown in Fig. 2.13. Here the collimated light is made monochromatic
using two sets of gratings. Then light is modulated using a mechanical chopper followed by
splitting in two equal parts using a beam splitter. For transmission measurement, a baseline
correction is done keeping both the beams unobstacled and scanning wavelengths by rotating
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gratings. Transmitted radiation is recorded by photo multiplier tubes and lead sulphide (PbS)
detectors. This is done to measure absolute transmission. Now, test sample is placed in the
path of one beam, generally designated as sample beam. Other one is designated as reference
beam. Again, wavelengths are scanned in desired wavelength region and transmitted
radiation is recorded using the detectors. Transmission (T) of a sample of thickness d is given

by Beer-Lambert-Bouguer law as following equation.
T _ I_ _ e—ad
o o (2.2)

Here | and Iy are transmitted and incident intensity of light. ‘a’ is absorption coefficient. For
thin film samples, modulations in transmission spectra occur due to interference between the

beam coming from different interfaces [71].
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Fig. 2.13: Schematic diagram of dual beam spectrophotometer (Shimadzu, UV3101PC).

In present thesis, optical constants of the films have been obtained by fitting the
measured transmission data with a theoretically generated spectrum under the following

assumptions[72]:
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[1] A thin isotropic dielectric layer covers a thick, non-absorbing or weakly substrate, and
the optical system is immersed in air.

[2] Light of mean wavelength A and spectral half width AL is incident normally on the
sample.

[3] Interference of internally reflected light occurs in the thin films [AA<< A%/2nt] and is
negligible in the substrate [AA<< A?/2nts] where n, t, t; are the refractive index, thickness
of the film, thickness of the substrate respectively.

[4] The film and the substrate are weakly absorbing in the studied spectral region i.e.
n>>>k? and ns>> ki, where k and ks are the extinction coefficients of the film and the
substrate.

With the above assumption film thickness uniformity is also assumed to get

interference spectra. Transmittance of such a system can be expressed as follows [7]:
T4t n, k) =AM nk,t,n,k)/B(A;nk,t,n,K) @3

Using above mentioned relation and assuming a suitable dispersion model for the
wavelength variation of the optical constants of the substrate and the film, the fitting has been
carried out by minimizing the mean square error (MSE) using Levenberg-Marquardt

algorithm:
2
Z[Texp(m _TTh(/l,ns,ks ,t,n,k)] (2.4)
i

Where, Texpand Ty are the experimental and theoretical transmittance spectra and A; IS
scanning wavelength in nm. Such optimization technique gives optical constants as well as
thickness of the thin films.

After selecting the appropriate dispersion model and optimization method, the
experimental transmission spectrum is fitted. From fitting parameters, optical constants and

film thickness are derived.
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2.2.5.2. Spectroscopic ellipsometry

Ellipsometry is a non destructive optical technique and it uses the fact that light
undergoes some change in polarization when it is reflected off the surface of a material.
Infect, polarimetry is more suitable name for this. Generally linearly polarised light becomes
elliptical polarised after reflection from a surface and hence this technique is called
ellipsometry. The polarization change is the characteristic of the surface structure of the
sample and hence various information about the material such as refractive index, extinction
coefficient, surface roughness and porosity etc., can be obtained by analyzing the reflected
light beam. Ellipsometry is a highly useful technique to determine optical constants,
thickness, and roughness, fraction of voids and index homogeneity of transparent and semi-
transparent thin films.

In Ellipsometry, the variation of the amplitude and the phase difference between the
parallel (p) and perpendicular (s) components of the reflected light polarized with respect to
the plane of incidence are measured. In general, reflection causes a change in the relative
phase of p and s waves and in the ratio of their amplitudes. Change polarization state is
measured by the two quantities viz. ¥ (measures amplitude ratio) and A (measure relative

phase change). These are given by [73]:

r ;
pP= r—p =tan z//exp(IA) (25)

S

where Iy and [ are the reflection coefficients for the p and s component of the waves

respectively.

There are three basic designs of ellipsometer in general use but all three do the same work.
Sample is illuminated with a narrow, parallel beam of monochromatic light of known
polarisation at a known angle of incidence. Using a polarisation-sensitive analyser, change in

polarisation state of light in terms of ellipsometric angles, ¥ and A are measured after
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reflection from the sample surface. From this polarization change, optical parameters for the
sample are calculated through the suitable modeling of measured data. The differences
between the various instruments are due to the choice of polarizer and analysers, and light

source.

Fig. 2.14: SEMILAB GESS-E spectroscopic ellipsometer used for optical characterization.

A rotating polarizer type spectroscopic ellipsometer (SEMILAB make) has been used for
optical characterization of thin films in present dissertation. Detailed procedure of

ellipsometric data analysis for thin films has been given in subsequent chapters.

2.2.6. Grazing Incidence X-ray Reflectivity (GIXR) Characterization
The basic theory of X-ray reflectivity is derived from classical optics and Fresnel theory,
modified slightly for X-ray. The complex refractive index (n) of an element in the X-ray
region is given by[74] :

n=1-6-ip (2.6)

2

A 177
h s=2-1r == 2.7
where, . 0. and B in (2.7)
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Here 5 is a function of wavelength (A), electron density (p.) and atomic number Z; given by
the above expression (8) [re is classical electron radius]. Parameter B is the function p which
is the linear absorption coefficient of the material at the particular wavelength A. Since
refractive index of all material in hard X-ray region is less than 1, X-rays suffers total
external reflection at extreme grazing angle of incidence from any surface. However, as the
grazing angle of incidence value (6) exceeds the critical angle (&), X-ray starts penetrating
inside the layer and reflectivity falls rapidly with angle 6. The critical angle is approximated
by:

0, =,/(25) (2.8)
The reflectivity of X-ray from a thin film i.e., of a plane boundary between two media can be
obtained using the well-known Fresnel's boundary conditions of continuity of the tangential
components of the electric field vector and its derivative at the sharp interface[74]. However,
the Fresnel's reflectivity gets modified for a rough surface by a '‘Debye-Waller -like' factor as
follows:

Ro = Rp exp (-g2c2/12) (2.9)

where, g is the momentum transfer ( 4zSind/ 1), R, is the reflectivity of the rough surface
and Ry is the Fresnel reflectivity of an otherwise identical smooth surface, ¢ being the RMS
roughness of the surface. Thus by fitting the X-ray reflectivity spectrum of the surface of a
sample near its critical angle, estimation of mass density (p) and RMS surface roughness (o),
film thickness, can be made quite accurately [75, 76]. The grazing incidence X-ray
reflectivity measurements of thin films in present thesis were carried out on automated GIXR

reflectometer systems using the Cu Ka radiation (1.54A).
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2.2.7. Grazing Incidence X-ray Diffraction (GIXRD) Measurements

GIXRD is a surface sensitive technique to probe crystalline structure at small angles of
incidences of incoming X-ray on test sample. In this technique, collimated X-ray beam is
allowed to incident on sample near critical angle. At critical angle, penetration of X-ray beam
inside sample is limited to small distances (up to 10 nm) due to total external reflection at
surface (refractive index for X-ray is less than 1). At grazing incidence, beam covers a large
surface area of the sample leading to large structural contribution from test sample in form of
thin film, surface or interface. Simultaneously, substrate structure does not interfere sample
diffraction pattern due to negligible penetration of X-ray in substrate ( only in thin films
having thickness less than 10 nm, small substrate contribution comes due to the generation of

evanescent wave at interface). In Fig. 2.15, a schematic of GIXRD set-up is shown.

Detector

Incident X-ray beam

Fig. 2.15: Schematic diagrams of GIXRD geometry.

For present thesis, Crystal structure of films was examined by recording GIXRD pattern by
Rikaku Ultima-IV XRD machine using Cu Ka X-ray radiation ( A=1.5402 A). GIXRD

spectra were recorded in 20 geometry.
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CHAPTER 3: OBLIQUE ANGLE
DEPOSITION OF HfO, THIN FILMS BY
EB EVAPORATION

In this chapter, HfO, thin films have been deposited on fused silica and Si substrate by EB
evaporation at several oblique angles of deposition. Various properties of such films such as
elastic, optical, micro-structural and morphological properties of such films have been
investigated extensively by employing various characterization technique and theoretical
models. This chapter has been described in two parts. In the first part of this chapter, effect of
deposition angle on elastic, micro structural and local structure properties of obliquely
deposited HfO, thin films has investigated. In second part, optical and morphological

properties have been explored.

3.1. Study of Elastic, Micro structural and Local Structure
properties

3.1.1. Introduction

Oblique angle deposition of thin films has been attracting researchers due to its applications
in the fabrication of interference devices, micro sensors, microelectronics, photonic crystals,
and rugate structures based devices. Presently, it is being used for fabricating precision
interference filters [10] in which refractive index is varied by varying the angle of deposition
resulting in varying porosity due to atomic shadowing and limited ad-atom diffusion [2, 20,
77] during growth. It generally works at angles greater than 60° with normal to the substrate.

When the angle reaches around 80°, it is termed as glancing angle deposition (GLAD).
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Oblique angle deposition results in realization of special nano and microstructures of thin
films. By employing substrate rotation and varying angle of deposition, different geometries
like pillar, helix, zigzag, erect columns etc., have been achieved [5-7]. Zhu et al. have
fabricated multi-stop band interference rugate filter exploiting GLAD technique [9]. Park et
al. have fabricated bilayer circular filter by GLAD deposition of TiO, thin films [78] and
Fahr et al. have developed optical rugate filters for light trapping in solar cells[8]. Gasda et al.
have fabricated nano-rod proton exchange membrane fuel cell cathodes by glancing angle
deposition of carbon [79]. Researchers have also developed GLAD magnetic data storage
device [80], antireflection coating [37], selective polarization transmission filter [81], narrow
band pass rugate filter [30], and relative humidity sensors [82] by employing oblique angle
deposition.

Elastic properties are important and indispensable parameters in the assessment of
environment & mechanical stability [83] of thin films. They differ significantly from those of
the bulk materials due to the interfaces, microstructure, and the underlying substrates. Similar
to optical and structural properties, elastic properties such as the stress, co-efficient of
thermal expansion, poison’s ratio and indentation modulus of the film are also affected by the
micro or nano-structure dictated by the deposition process parameters and the deposition
technique [84].Thin films deposited at oblique angles are highly porous due to engineered
microstructure and hence their mechanical stability is a subject of concern. Therefore it is of
great importance to characterize and optimize elastic properties of these porous thin films.
Many techniques are being used for the determination of elastic properties of thin films,
including micro-and nano-indentation tests [85], laser induced surface acoustic wave (SAW)
[86], Surface Brillion light scattering measurements [87] and Atomic Force Acoustic
Microscopy (AFAM) [88]. The nano indentation techniques have limitations due to speed,

limited lateral resolution and substrate effect [89]. It is also inherently destructive technigue.
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Laser induced SAW method needs rigorous analysis and also has limitations in terms of low
sensitivity and limited spectrum band width [90]. Surface Brillouin light Scattering is time
consuming and sensitive to the environmental noise [91]. AFAM technique, on the other
hand, can give both quantitative values of Young’s modulus of thin films like other technique
as well as qualitative picture of Young’s modulus in terms of acoustic image, simultaneously
with surface topography of the film without being affected by the elastic properties of the
substrate [92]. This makes AFAM, a unique and attractive technique for the investigation of
elastic properties of thin films.

AFAM technique is based on the evaluation of contact stiffness between tip and sample [93].
Contact resonance frequency for I, Il and if possible Il overtones are compared to free
resonance frequency of the cantilever probe. From the shift of contact resonance frequencies
from free vibrations, the contact stiffness (tip-sample) is computed by solving tip-sample
vibration characteristic equation [59, 60, 84, 93]. Same measurement is carried out on
reference material with known indentation modulus. By employing Hertzian contact
formulation and indentation modulus of reference material, indentation modulus of test
sample is computed. In AFAM measurement technique, tip geometry plays an important role
in determining the indentation modulus. To quantify indentation modulus of the sample,
quantitative elastic properties and geometry of cantilever tip are required. Direct
measurement of elastic properties of probe is a difficult & erroneous process and researchers
assume bulk values for the probe. Estimation of indentation modulus with such assumptions
(and single reference material) leads to uncertainty more than 20% [94, 95]. Rabe et al. [96,
97], proposed dual reference method to determine indentation modulus of unknown sample.
This method does not rely on tip geometry & tip elastic properties and can offer results with

uncertainty as low as 1%, depending on selection of references.
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In the present study, we have employed dual reference method to estimate indentation
modulus of obliquely deposited HfO, thin films electron beam evaporation.

Hafnium oxide is a widely used optical material which possesses high refractive index
and high laser induced damage threshold [98-101]. Its wide band gap (~5.5-5.7eV) [98, 102]
gives its transparency over a wide spectral range, extending from the ultraviolet to the mid-
infrared [103]. We have also performed grazing incidence X-ray reflectivity (GIXR)
measurements to determine the film density and RMS surface roughness. Cross-sectional
morphology of such films has also been measured by field emission scanning electron
microscopy (FESEM) to explore the microstructure and thickness of the films. Extended X-
ray absorption fine structure (EXAFS) spectroscopy measurements have also been performed
on such films to reveal phases, bond length and oxidation states. A correlation among
indentation modulus, film density and microstructure of films deposited at different angles

has been set.

3.1.2. Experimental Detail

3.1.2.1. Oblique angle deposition of HfO, thin film

In present wok, five HfO; thin films have been deposited on silicon (100) substrate at 200°C
by reactive electron beam evaporation technique in a VTD make ‘Vera-902” EB evaporation
coating system. Before deposition entire batch of Si substrates were cleaned ultrasonically to
achieve good quality films. Such films were deposited at angles (o) = 0’ 40, 57, 68 and 80
degrees designated as SAMP-5, SAMP-4, SAMP-3, SAMP-2 and SAMP-1 respectively. The
angle of deposition (a) is defined as the angle between normal to the substrate plane and
incident vapour flux. Different values of angle were set by tilting the substrate whereas
direction of the incoming vapour flux was held fix. Typical distance between substrate and
EB evaporated vapour source was kept ~ 45 cm. Schematic diagram and actual photograph of
the oblique angle deposition system is shown in Fig. 2.2. The base pressure prior to
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deposition was kept 1x10° mbar and during deposition, high purity (99.9%) oxygen was
supplied to deposition chamber through mass flow controller to maintain the stoichiometry of
HfO, thin films. An optimized oxygen partial pressure was kept at 1x10™ mbar. Rate of
deposition and film thicknesses were monitored and controlled by Inficon make ‘XTC2’

quartz crystal controller/monitor. Deposition rate was maintained at 5A/s.

(a)
Clamped end (b)
Feedback loop Lock-in Amplifier
S topography In  Ref Out L

.‘- Laser E Contact

Stiffness L] L’
& Topography O A
Position sensitive detector I .
maging

Sin wave
generator k o

Acoustic Transducer |e— Computer

Sample surface

Fig. 3.1 (a): Schematic of AFAM set-up. (b): Simplified cantilever tip-sample contact
interaction.

3.1.2.2. AFAM Characterization: measurement of contact resonance frequencies

In contact resonance measurements, the sample under investigation was bonded to a
piezoelectric transducer placed on the AFM stage just below the sample. Piezo-transducer
generates acoustic waves in the range 0.1-5.0 MHz. Honey has a very good acoustic
conductance and was used to fix measuring samples on ultrasonic transducer. There are many
ultrasonic couplers available but honey is one of the cheapest and easily available. It may be
noted that, surface of silicon substrate other than coating side was unpolished and hence
rough. High viscosity of honey makes it an appropriate coupler on rougher surfaces to fill the
air gap between silicon substrate and acoustic transducer. For coupling of sample to
transducer, a small drop of honey is put on ultrasonic transducer surface and honey is spread
evenly on the part of the transducer surface that is to contact the sample. Then thin film

sample was put on the transducer and sample was slightly pressed with tweezers make
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several short movement along the transducer surface to ensure optimal spread of honey and
better contact between surfaces. The ultrasonic transducer was excited with a continuous sine
wave generator from 0.1 to 5 MHz frequency and 0-1 V signal. Schematic of AFAM set-up
utilized for our experiments is shown in Fig. 3.1 (a). The cantilever probe was brought to
sample contact in repulsive mode and I**& 11" contact resonance frequencies were measured
at many different points on HfO, thin film. Mean contact resonance frequency was used for
further calculations. Contact resonance frequencies measurement was also performed on
reference samples viz., BK7 glass, Silicon (100) and Sapphire, whose indentation modulii are
known. Two references together were used to eliminate the requirement of geometry and
indentation modulus of the measuring cantilever probe used for computation of indentation
modulus of thin films in the present experiment. Contact resonance measurement was carried
out using NT-MDT, Russia-make P47H system and diamond like carbon (DLC) coated tip on
Si cantilever has been used for the entire experiment. DLC coated tip was chosen because of
its long durability, high hardness and high resistance to the changes in geometry because of
measurements. In AFAM, a laser beam deflection feedback mechanism is employed which

controls the force between the tip and sample.

3.1.2.3. GIXR and FESEM measurements

Density of the films has been estimated from GIXR measurements carried out on an X-ray
reflectometer. Detailed theory of X-ray reflectivity is described in ref. [74]. The
measurements have been carried out using Cu K, (1.54A) source at grazing angle of
incidence in the range of 0-0.5° with angular resolution of 0.01°. Principle of GIXR
measurements is discussed in section 2.2.6 of chapter 2. Cross-sectional morphology of the

samples was recorded by FESEM system.
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3.1.2.4. EXAFS measurements

Theoretical background of EXAFS is already discussed in Chapter 2 of the thesis. In the
present study, EXAFS measurements were performed on obliquely deposited HfO, thin films
to probe the local structure surrounding. The EXAFS measurements have been carried out at
the Energy-Scanning EXAFS beam line (BL-9) at the INDUS-2 Synchrotron Source (2.5
GeV, 100 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India
[70, 104]. This beamline operates in energy range of 4 KeV to 25 KeV. The beamline optics
consist of an Rh/Pt coated collimating meridional cylindrical mirror and the collimated beam
reflected by the mirror is monochromatized by a Si (111) (crystal spacing = 6.2709) based
double crystal monochromator (DCM). The second crystal of DCM is a sagittal cylinder used
for horizontal focusing while an Rh/Pt coated bendable post mirror facing down is used for
vertical focusing of the beam at the sample position. Rejection of the higher harmonics
content in the X-ray beam is performed by detuning the second crystal of DCM. In the
present case, EXAFS measurements at Hf L3-edge have been performed in fluorescence
mode. In fluorescence mode, sample is placed at 45° to the incident X-ray beam and the
fluorescence signal (I) is detected using a Si drift detector placed at 90° to the incident X-ray

beam. An ionization chamber is used prior to the sample to measure the incident X ray flux

[P . .
(15 ) and the absorbance of the sample (yzl—f) is obtained as a function of energy by
0

scanning the monochromator over the specified energy range.

3.1.3. Computation of Indentation Modulus

AFAM technique and detailed methodology of contact resonance frequency measurement
have been discussed extensively in references [95, 96]. In order to relate the measured contact
resonance frequency quantitatively to the sample elastic properties, cantilever can be

modelled as rectangular uniform beam. Contact stiffness k™ is evaluated from contact
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resonance frequency using the characteristic equation for test sample-cantilever coupled
vibrations. The derivation of characteristic equation from equation of motion of flexural
vibrations as well as torsional vibrations of cantilever tip has been discussed in references [60,
94]. Elastic, adhesion and friction forces always play significant roles when cantilever tip
comes in contact with sample surface. Such forces are nonlinear function of distance between
the tip and the sample surface. Analytical solution of such equation of motion is a rather
cumbersome task. But by assuming linear response for small vibration amplitude, tip-sample
interaction can be approximated by vertical & lateral spring dashpot system [96]. The total

length of cantilever can be defined asL =L, + L. Ly is the actual position of the tip from

cantilever base. It is well known that [94, 105, 106] normal contact stiffness k= depends
much more on the sensor tip position L; than on any other parameters such as tip-surface
angle differing from normal, lateral contact stiffness, lateral damping constant & air damping.
In general, by neglecting tip mass and above mentioned parameters, tip-sample coupled
system reduces to a simple system as shown in Fig. 3.1(b). In the simplest model, only
vertical contact stiffness k™ representing the interaction force describes the vibrations of the
surface coupled cantilever. A static normal load, significantly greater than the adhesion force,
is applied on the cantilever in order to neglect the effect of adhesion forces on tip-sample
interaction. This way, the elastic force becomes dominating in tip-sample interaction. The
characteristic equation for normal contact stiffness for the simplified system is given by [63,

96]:

(g) k. (k,Lr)®(1+ cosk,Lcoshk,L)

*

{(sinh k,Lrcosk,Lr —coshk,Lrsink,Lr)(1+cosk,L(1—r)coshk L(1-r ))}
{(cosh k. L(1—r)sink L(1—r)—sinhk L(1—r)cosk L(1- r))}
+

(1-cosk,Lrcoshk,Lr) (3.1)

56



Where r=L4/L, k, is wave number of n eigenmode and k. is the spring constant or stiffness of
a rectangular cantilever. To determine the value of k™ from Eq. 3.1, values of k¢, k,L and L,
are required. Value of k. can be determined from Sadar normal method [107] by using free
cantilever resonance frequency spectra which are achieved by exciting cantilever using a
piezo-frequency generator. The resonance frequencies f, of the cantilever are related to wave

number k, and they are given by [96]:
kyL=CgLy/f, (3.2)

2r . . . . -
Where k, = R . Anis acoustic wavelength. Cg is the cantilever characteristic constant that

depends on density, Modulus of elasticity (E) and geometry of cantilever. For free vibration
condition of cantilever (when tip is far from sample surface), tip-sample contact stiffness (k')
is zero and for this condition Eq. 3.1 reduces to

1+cosk,Lcoshk,L=0 (3.3)
This is the characteristic equation for free flexural vibrations of cantilever. For different
vibration mode (n), solutions of Eq. 3.3 are given by [84]:

k,L =1.8751,k,L =4.69,ksL =7.85.......... (3.4)

By putting the values of kL and resonance frequencyf in Eq. 3.2, the value of cgL can be

obtained precisely without knowing the mechanical or elastic properties of cantilever. In
order to determine the actual tip position and corresponding contact stiffness, we have used

the following criteria

K'(f,,L /L)=K'(f,,L, /L) (3.5)
Here f, & f, are 1% and 2" contact resonance frequencies. The solution of above equation is
determined numerically by taking range of L,/L from 0.85 to 0.98. For most of the

cantilevers, the value L, /L lies in this range. From Eq. 3.5, the value of L, /L is evaluated and
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by substituting the value L,/L in Eqg. 3.1, contact stiffness is determined. The main error in
estimation of k” is due to uncertainty in geometry of tip.

Finally, in order to determine indentation modulus, the contact between tip and sample
surface is considered by Hertzian contact mechanism [64]. With Hertzian contact
consideration between spherical tip and flat sample surface, normal contact stiffness for a

given normal static load is given by

k™ =36E™2RF (3.6)

Where E” is reduced Young’s modulus of elasticity and E s related to the indentation

modulus of tip and sample by following relation

e 3.7
VIREY 3.7

Here M & M; are indentation modulus of tip and sample respectively. Hertzian contact radius

(nm) is given as following

a= §/3FN R/4E" (3.8)

From Eqg. 3.6 and 3.8, following can be deduced

a=— (3.9)

To make elastic forces dominant, stiff cantilever is used and high static load F, is applied.

For indentation modulus measurements using AFAM, a reference material with known
indentation modulus, usually an amorphous or a single-crystal material with known
orientation, is used to derive the indentation modulus of the test sample using a relation

which follows Eqg. 3.6 [63]:

e (k)
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Where ks & k; are normal contact stiffness and Es & E, are reduced modulus of elasticity for
test and reference samples respectively. Here n=3/2 for spherical tip in contact with flat
surface and n=1 for flat tip in contact with flat sample. By combining Eq. 3.7 and 3.10,
indentation modulus of sample can be expressed as:

(kY LK), 311
M, M, |k M, || k

S S

Here indentation modulus of probe tip is assumed as that of bulk material. Manufacturers
usually do not measure indentation modulus of tip and only quote reported values. In our case
it is even more ambiguous because it is a DLC coated tip. Such an assumption will lead to
major uncertainties in the determination of indentation modulus of test sample and
uncertainty can be > 20%. Uncertainty in indentation modulus of tip could be reduced by
using dual reference method discussed earlier. Indentation modulus of sample using two

references can be written as following [65]:

(k*rl k* j -1
M, = - - - (3.12)
ks MrZ Mrl kI’Z Mrl MrZ

Here k;,,M,, and k’,,M_, are contact stiffness & indentation modulus of reference sample-

1 and 2 respectively. Dual reference method is insensitive to tip geometry or is marginally
affected by tip geometry [65]. Dual reference method permits the calculations of the
indentation modulus of the tip and is given by following relation [65].

) =) MM,
(k:Z )nMrl_(k:l)nMrZ

M (3.13)

This way, by choosing two suitable references of known indentation modulus, the

indentation modulus of tip can be determined with an uncertainty as low as 1%.
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3.1.4. Results and Discussion

3.1.4.1. Elastic and micro-structural properties

Fundamental and first free resonance frequencies for used DLC coated cantilever probe are
shown in Fig. 3.2 (a). For computing contact stiffness of test thin films, accurate value of
spring constant (kc) of the cantilever is required. Cantilever probe manufacturers do not quote
exact value of k. for individual probe but quote a range of possible values. In order to
determine k. accurately of used probe, fundamental free resonance spectra have been fitted
using formulation proposed by Sadar, a methodology known as Sadar normal method.
Fundamental free resonance frequency for the cantilever probe used is 193.8 kHz and
computed ke is 8.7 N/m. 1% and 2™ contact resonance frequency spectra have been measured
for entire batch of thin films. To keep parity in normal contact resonance measurements,
same normal static load of 1919 nN has been applied on cantilever tip for entire measurement.
As mentioned in section 3.1.3, if adhesion forces between cantilever tip and test sample,
while being in contact, are comparable to normal static load, Hertzian contact mechanism
fails. Normal static load has been estimated from force-distance spectroscopy in AFM
measurements. Force distance curves for sample SAMP-4 are shown in Fig. 3.4. Adhesion
forces have been determined from pull-off region of force distance curves for all the samples.
Magnitude of such forces is 24.5 nN for SAMP-4, and lies between 15 to 30 nN for entire
batch of films. To eliminate the effect of such non-linear adhesive forces, a sufficiently high
normal static load of 1919 nN has been applied on cantilever tip. In Fig. 3.2 (b), 1 & 2"
contact resonances have been plotted as a function of applied static load. Resonance curves
follow a Lorentzian shape and both amplitude & frequency of contact resonances increase
with static load. Such behavior of contact resonances with static load follows flexural
vibration theory [60]. Contact stiffness determined using characteristic ~ Eq. 3.1 for 1% & 2"

contact resonances have been computed numerically for Lj/L ranging from 0.85 to 0.98.The
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actual tip position and contact stiffness have been determined by using Eq. 3.5, in which

contact stiffness obtained from 1% and 2" contact resonance

st e s Static load:
15 = 112 17 contact resonace frequencies b
(a) —— 1" free resonance frequency g ( ) ::;gi ":
2 g i 0. o n
. ——2" free resonance frequency o 0.84 1919 nN
= 124 8 0.56 —2130nN
= g ——2237 nN
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Fig. 3.2 (a): Fundamental and 1% overtone of free resonance frequency of cantilever probe.
(b). Plot of 1% and 2" tip-sample contact resonance frequencies as a function applied static
load for thin film SAMP-5.
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Fig. 3.3: Plot of contact stiffness for 1 and 2™ contact resonance frequencies as a function
of Ly/L for SAMP-1 & SAMP-5 and glass & Si (100) references.
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frequencies are equated. Computed contact stiffness values for Si (100), BK7 glass, Sapphire
and obliquely deposited HfO, thin films are listed in Table 3.1 and Table 3.2 with
corresponding L,/L values. Actual tip position lies between (Li/L) 0.94 to 0.95 and normal
contact stiffness lies between 638 to 1648 N/m for these films. Ratio k'/k. varies from 73 to

189 which is close to 100 and the ratio in this range is considered as low.
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Fig. 3.4: Plot of force-distance curves taken by AFM for SAMP-4. In inset pull-off curve is
highlighted to determine tip-sample adhesion force.

Table 3.1: Contact resonance frequencies, contact stiffness and indentation modulus of
references; Silicon (100), BK7 Glass and Sapphire.

Name of 1* contact 2" contact Contact Ratio (LJ/L) Indentation
sample resonance resonance stiffness modulus
frequency frequency (N/m) (GPa)
(kHz) (kHz)
Si (100) 935 2624 1286 0.94 135+3
BK7 Glass 928 2473 1025 0.94 89+2
Sapphire 945 2860 2113 0.94 420 +20

If ratio becomes of order of 1000 or exceeds 1000, it is considered as high. Consequently;

k’/k ratio being low as described in reference [97], the lateral forces between cantilever tip

62



and test sample are negligible and the influence of lateral contact stiffness on contact
resonance frequencies is not significant which can be neglected. Contact stiffness plots for
1% and 2" contact resonance frequencies as a function of effective tip position (Ly/L) for HfO,
thin film SAMP-1, SAMP-5, BK7 glass and Si (100) are shown in Fig. 3.3. Intersection of
two curves gives contact stiffness and actual tip position. Uncertainty in normal contact

stiffness calculations is around 0.5%; mainly due to uncertainly in contact resonance

Table 3.2: Contact resonance frequencies, contact stiffness and indentation modulus of HfO,
thin films deposited at different angles.

Sample 1* Contact 2" Contact Contact Ratio (L/L) Indentation
name Resonance Resonance Stiffness Modulus
Frequency Frequency (N/m) (GPa)
(kHz) (kHz)
SAMP-1 877 2131 638 0.95 42+7
SAMP-2 909 2573 1260 0.95 130+ 3
SAMP-3 940 2670 1379 0.94 154 + 4
SAMP-4 941 2715 1496 0.94 180 +6
SAMP-5 941 2760 1648 0.94 221+8
Table 3.3: Results of SEM, AFM and GIXR measurements
Film Measured | Theoretical | Measured | Theoretic | Thickness RMS
Sample | deposition | Column | Column tilt Film al film measured | roughness
name angle (o) | tiltangle angle density density by measured
(degree) ® (B) (degree) (g/cc) (g/cc) FESEM by GIXR
(degree) (nm) (nm)
SAMP-1 80x1 55+2 55,1+ .5 3502 | 29+£0.3 5312 2.1
SAMP-2 68+ 1 3712 498+5 6.1+02 | 50+£02 | 5902 0.5
SAMP-3 57+1 33+2 438+ .6 76+02 | 64+£02 | 488+2 0.6
SAMP-4 401 12+2 33.2+.7 84+02 | 79+£01 | 3612 0.7
SAMP-5 0+1 0 0+1 9.1+0.2 9.1 629 + 2 0.7
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frequencies. It can also be noted that contact radius (a) for a load of 1919 nN, as calculated
from Eq. 3.9, is 5 to 8 nm for entire batch of thin films and thickness value as listed in Table
3.3 is between 361 to 629 nm. It is worth to note that film thickness values are significantly
higher than ‘3a’, which is generally accepted as the minimum thickness for neglecting
stresses produced by film-substrate interface [92] and hence effect of substrate elastic
properties on contact stiffness measurement of thin film samples can be neglected. Since the
value of Poisson’s ratio is not known for a thin film, we have evaluated indentation modulus
rather than Young’s modulus of elasticity. Dual reference method as discussed in
introduction has been adopted to determine indentation modulii of the thin films. Although,
in dual reference method, determination of indentation modulus is insensitive or very less
sensitive to the geometry of cantilever tip, we have considered both spherical and flat tip and
have taken mean of two cases. With such consideration, uncertainty is further reduced. As
described in reference [65], uncertainty in dual reference method to determine indentation
modulus is least when contact stiffness of two references bracket the stiffness of test sample.
Consequently, for SAMP-1 & SAMP-2, BK7 glass & Si (100) references and for SAMP-3,
SAMP-4 and SAMP-5; Si (100) & Sapphire references have been chosen. Eq. 3.12 has been
adopted to compute indentation modulii and values are listed in Table 3.2. Indentation
modulii for BK7 glass, Si (100) and sapphire has been taken from references. From Table 3.2,
it is clear that indentation modulus is least for GLAD HfO, with a mean value of 42 GPa and
increases with deposition angle with highest value of 221 GPa for SAMP-5, deposited at
normal angle, which is matching with elasticity value reported by K. Tapily et al. [108] for
atomic layer deposited HfO, thin film. Sources of uncertainly in the determination of
indentation modulii are uncertainty in tip geometry and indentation modulii of the references.
In the present case, uncertainty in indentation modulii is less than 4% in the samples, except

for SAMP-1. For SAMP-1, uncertainty is 16.7% and such a high uncertainty is the
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consequence of lower normal contact stiffness value of SAMP-1 than both BK7 glass and Si

(100) references. Indentation modulus for used probe was calculated using Eg. 3.13 and

found to be 462 + 6 GPa.
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Fig. 3.5: GIXR curves of films SAMP-1, SAMP-2, SAMP-3, SAMP-4 and SAMP-5.
Experimental and theoretically simulated curves for SAMP-1 are also shown. Fig. 3.6:
FESEM cross-sectional morphology for all obliquely deposited HfO, films.

Normalized GIXR spectra for all the HfO, thin films are shown in Fig. 3.5. To determine film
density and RMS surface roughness, experimental spectra have been simulated with
theoretical formulation by »? minimization using open source code IMD under XOP
software package [109]. Density and RMS surface roughness values estimated through GIXR
data analysis, are listed in Table 3.3. Cross-sectional morphology of the films has been
measured by FESEM and is presented in Fig. 3.6. For SAMP-1, tilted columns are fully

matured and measured tilt angle is 55°. It can be seen from FESEM images that void fraction
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is highest in SAMP-1 and it decreases as the angle o decreases. Column tilt angle () and film
thickness measured from cross-sectional SEM morphology for entire thin films are listed in
Table 3.3.We have also calculated column tilt angle (B) and film density (p) theoretically

using ballistic growth model with limited ad-atom diffusion, proposed by Tait et al. [20]. As

2C0Sa

——— |; where pg is the density of film
1+ cosaj po Y

. (1-
per model, f=a- arcsm(%) and p = p, (

deposited at a =0. These theoretical formulations give values only to first approximation and
actual values may differ significantly from theoretical values. At high oblique angle,
measured B matches with ballistic model whereas at smaller deposition angle, ballistic model
fails to match with measured column tilt angle. It is also well known that ballistic model best
explains such nanostructure thin films at large deposition angles [20, 110]. Moreover, in real
films, chamber pressure, rate of deposition and non-monotonic behavior also perturb the
growth and tilt angle of columns. Indentation modulus and density of films are plotted in Fig.
3.7 (a) as a function of angle of deposition and follow a nonlinearly decreasing trend.
Decrease in film density with a is the consequence of increase in film porosity due to tilted
columnar microstructure. Increase in the films porosity with the increase in angle a leads to
the decrease in indentation modulus or elastic modulus of the films. In Fig. 3.7 (b),
experimental and theoretical curves of normalized indentation modulus with film porosity are
shown. Theoretical curves have been generated using Boccaccini formulation considering
spherical as well as cylindrical pores [111]. It can be noted that experimental data points are
in between two theoretical cases (spherical & cylindrical pore geometry). It indicates the
presence of complex or mixed pore geometry in obliquely deposited porous HfO, thin films.

Similar trend has also been reported earlier [111-113].
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Fig. 3.7 (a): Variation of indentation modulus and density of obliquely deposited HfO, thin
films. (b): Experimental and theoretical curves of normalized indentation modulus as a
function of film porosity.

3.1.4.2. Local structure

XANES spectrum is highly sensitive to the coordination geometry and oxidation state of the
absorbing atom. For HfO, films, the highest peak observed in XANES spectra is the
transition of 2ps, electron into 5d states and the region above the edge is the transition to 6s
continuum [114, 115]. No significant edge shift or change in the intensity of EXAFS spectra
is observed up to the deposition angle of 40° (SAMP-4), however white-line intensity is
slightly reduced for the film deposited at o= 0° (SAMP-5). The edge position suggests that all
the samples are in same oxidation state. Cho et al. simulated the XANES spectra of t-HfO,
and m-HfO, using ab-initio multiple scattering XAFS code and the presence of tetragonal
phase is identified by the enhancement of small feature (denoted by ‘A’ in Fig. 3.8) after the
white line peak. Low intensity feature in absorption coefficient spectra indicates the
predominant presence of monoclinic phase for all the obliquely deposited films. Fig. 3.8
shows the normalized EXAFS spectra of HfO, films. In order to take care of the oscillations

in the absorption spectra, w#(E) has been converted to absorption function y(E) [116]
which is energy dependent. The energy dependent absorption coefficient y(E) has been

converted to the wave number dependent absorption coefficient y(k) using the relation,
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K — /@ (3.14)

where, m is the electron mass. y(k) is weighted by k* to amplify the oscillation at high k and
the y(k)k*> functions are Fourier transformed in R space (distance space) to generate the #(R)

versus R spectra in terms of the real distances from the center of the absorbing atom. The set
of EXAFS data analysis program available within IFEFFIT software package have been used

for EXAFS data analysis [117].

5 —— SAMP-1 (80"
—— SAMP-2 (68"

SAMP-3 (57

4 4 —— SAMP-4 (40")

—— SAMP-5 (0")

Normalized X-ray absorption coefficient u(E)

95|60 : 95|80 j 96|00 ; 96|20 ] 96|40
Energy (eV)
Fig. 3.8: Normalized EXAFS spectra of obliquely deposited HfO, films.
The #(R) versus R plots generated (Fourier transform range k =2.0-10.0 A™) for all

the films from ° u(E) versusE > spectra following the methodology described above are

shown for HfO, films measured at Hf L3-edge in Fig. 3.9. The structural parameters (atomic
coordination and lattice parameters) of m-HfO, and t-HfO, used for simulation of theoretical

EXAFS spectra of the samples have been obtained from ref. [118, 119] and the best fit y(R)

versus R plots (fitting range R =1.0-3.5 A) of the films have been shown in Fig. 3.9 along

with the experimental data for all the samples. The bond distances, co-ordination numbers

(including scattering amplitudes) and disorder (Debye-Waller) factors (o), which give the
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mean square fluctuations in the distances, have been used as fitting parameters. The best fit
results of the above are summarized in Table 3.4. First peak at 1.6 A (phase uncorrected

spectrum) in Fourier transform spectrum of SAMP-1(a=80°) is contribution of

Z(R)(A™)

— 77T 7T
0.0 0.5 1.0 1.5 2.0 25 3.0 35

R (A)
Fig. 3.9: Measured and theoretical plots of x (R) vs. R for all the HfO, films at Hf L3-edge.

Hf-O path at the bond length ~ 2.08 A and 2.30 A with five and two oxygen atoms at each
coordination shell respectively. The small peak around 1 A is contribution of low frequency
oscillations of the background and not from the EXAFS signal. Similar Fourier transform
spectrum has also been observed by Lysaght et al. in HfO, thin films deposited on Si
substrate [120]. The coordination number obtained for first coordination peak from EXAFS
fitting is in good agreement with other reports [114, 120]. The second peak around 2.9 A is
contribution of Hf-Hf coordination shell. The second peak is quite different for polymorphs
of HfO,. The theoretical EXAFS spectra shown in Fig. 3.10, are generated from the cubic

(space group Fsnm3), tetragonal (space group P4,/nmc), monoclinic (space group P2;/c) and
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orthorhombic (Space group Pnam and Pbca) phase with ideal coordination number and
Debye-Waller factor was kept at 0.003 A2 The FT EXAFS spectrum of the SAMP-1 shown

in Fig. 3.9 resembles with theoretically generated spectra for monoclinic phase. The first peak

Cubic
Monoclinic
~—— Orthorhombic I
—— Orthorhombic I1
Tetragonal

R (A)

Fig. 3.10: Theoretically generated different EXAFS spectra (x (R) vs. R) for different
polymorphs of HfO,.
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Fig. 3.11: Plots of different parameters obtained from EXAFS analysis for HfO, thin films
deposited at different angles.
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Table 3.4: Fitting parameters obtained from EXAFS analysis.

Paths | Parameters o = 80° o= 68° o=57° o = 40° ao=0°
Hf-O R(A) 2.08 £0.01 2.08 £0.01 2.07£0.01 2.06 £0.01 2.06 0 .01
N 475+0.14 475+0.12 475+0.24 3.80+0.11 2.85+0.11
c° ( AZ) 0.0017 + 0.0005 0.0019 = 0.0050 + 0.0053 £ 0.0008 | 0.0081 +0.0012
0.0003 0.001
Hf-O R(A) 2.30+0.01 2.28+0.01 2.24 +0.03 2.15+0.01 2.19+0.01
N 1.90 £ 0.06 1.90 £ 0.05 1.90+£0.10 3.80+0.11 4.75+0.19
o ( ,2\2) 0.0027+0.001 | 0.0039 +£0.0012 0.010 £ 0.0142 + 0.0018 | 0.0144 +0.0014
0.0015
Hf-Hf R(A) 3.26 +0.02 3.25+0.01 3.23+0.01 3.27 £ 0.02 3.35+0.01
N 3.8+0.11 4.08 + 0.86 4,10+ 1.02 4.08+1.10 4.80+1.00
o ( Az) 0.0025 + 0.0013 | 0.0074 £0.0011 | 0.001£0.001 | 0.0095 *0.002 | 0.0034 £0.0009
Hf-Hf R(A) 3.47+0.01 3.46 + 0.01 3.43+0.02 3.44 +0.02 3.57+0.01
N 475+0.14 4.08 + 0.86 5.12+1.28 4.08+1.10 4.80+1.01
o ( Az) 0.0034 £ 0.0013 | 0.0071+0.0014 0.0017 0.0086 + 0.0022 | 0.0045 +0.0014
0.0011

is similar for the samples SAMP-1, SAMP-2 and SAMP-3 (o= 80°, 68, and 57°) and further
decrease in angle o leads to peak broadening (SAMP-4, a = 40°) and finally, the peak splits
in to two peaks for normally deposited film (SAMP-5). However, in case of SAMP-4 and
SAMP-5, the second coordination peak is shifted to slightly higher bond length distance
which indicates the presence of tetragonal phase in small amount. The fitting results are
plotted with deposition angle in Fig. 3.11. It has been observed the bond- lengths are similar
up to the sample deposited at 80° to 57° for Hf-O and Hf-Hf co-ordination shells. The Hf-O
bond length decreases for 40° and 0°. Theoretical EXAFS spectrum generated from
monoclinic phase shows five oxygen atoms at 2.10 A and two oxygen atoms at 2.24 A in first
coordination shell. On the other hand the structure generated from tetragonal phase shows 4
oxygen atoms at 2.06 A and 4 oxygen atoms at 2.39 A. The coordination number increases
for Hf-O (2) shell and decreases for Hf-O (1) coordination shell for SAMP-4 and ~ 4 oxygen
atoms are in each Hf-O coordination shell. The change in the coordination number is
indicating the presence of tetragonal phase. In case of second coordination shell Hf-Hf, bond
length increases for SAMP-4 and SAMP-5. A small increase in Hf-Hf bond length is

indication of presence of tetragonal phase along with monoclinic phase. The Debye Waller
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factor or disorder factor, which signifies the disorder in the structure, shows increasing trend
with the reduction in the deposition angle.

Lysaght et al. discussed the effect of grain size for tetragonal to monoclinic
transformation [120]. The increase in the grain size changes the tetragonal phase to
monoclinic phase. In part-2 of this chapter, morphological properties pertaining to grain size
variation with deposition angle will be discussed extensively. It is shown in this work that
decrease in the glancing angle leads to reduction in surface grain size due to decrease in
shadowing effects and column slanting angle. The presence of the tetragonal phase for low

glancing angle samples supports the reduction of grain size in the sample.

3.1.5. Summary

A set of HfO; thin films have been deposited on Si (100) at several deposition angles by
reactive EB evaporation. Such obliquely deposited films are known to be porous and their
mechanical and environmental stabilities are important issues. In order to assess mechanical
stability of such thin films, indentation modulii of an entire batch of thin films have been
estimated by AFAM technique. Films have also been tested for their micro-structural
properties by FESEM and GIXR measurements. FESEM cross-sectional morphology shows
high porosity in thin film deposited at glancing angle (80°) & tilted columnar growth and
porosity decreases as the angle of deposition decreases. Variation of film density with tilt
angle has been obtained through GIXR measurements. It is observed that indentation
modulus is the least with a value of 42 GPa for GLAD film and highest for normally
deposited film with value 221 GPa. It is concluded that the trend of decreasing indentation
modulus of HfO, thin films is an attribute of increase in porosity with angle of deposition and
porosity variation is the consequence of change in microstructure of films due to change in

growth conditions.
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EXAFS measurements show that monoclinic is the prominent phase of obliquely deposited
HfO, thin films. However, a small contribution of tetragonal phase is observed for films
deposited at lower deposition angles (40° and 0°). Presence of tetragonal phase for HfO,

films deposited at lower angles can be attributed to the lower grain size.

3.2. Characterization of Micro-Roughness Parameters and
Optical Properties

3.2.1. Introduction

It is well understood that surface morphology affects the functionality of thin film and
multilayer devices for optical and other applications [121]. Surface morphology strongly
perturbs the amount and distribution of scattered light from optical components or devices
and such scattering is a performance limiting factor. Hence, it is of high importance to
characterize micro-roughness parameters of obliquely deposited HfO; thin films to assess
their surface morphological properties. Generally root mean square (RMS) roughness of
surface is taken as the parameter to characterize surface morphology. However, roughness is
computed from RMS distribution of heights only and does not take into account the lateral
distribution of surface features. Power spectral density (PSD) provides more complete
description of surface topography. PSD describes two aspects of surface roughness viz., the
distribution of heights from a mean plane and the lateral distances over which height
variations occur [98, 122]. Moreover, PSD also provides useful information on
superstructures and fractals of surfaces. Fractal geometry and scaling concept can concisely
describe the rough surface morphology [123, 124]. Surface morphology at different scales is
believed to be self-similar and related to the fractal geometry. Fractal analysis can extract
different kinds of information from measured surface morphology and that makes fractal

approach a very attractive and useful in describing surface statistics of thin films [125-127].
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In the present work, a set of HfO; thin films has been deposited by EB evaporation using
oblique angle deposition technique. 2-D extended PSD has been computed from measured
AFM data for all the obliquely deposited HfO, thin films by combining PSD of three
different scan sizes. Different PSD models in combination have been fitted with the
computed PSD to extract fractal parameters, correlation length, intrinsic RMS roughness and
contribution of aggregates or superstructures to the surface roughness. Further, the refractive
index and film thicknesses have been computed from transmission measurements. Very
interesting correlations among micro-roughness parameters, refractive index and angle of

deposition of the thin films have been obtained in this study.

3.2.2. Experimental Detail

In this part of the chapter, HfO, thin films were deposited at angles (o) of 0°, 40°, 50°, 57°,
62°, 68° and 80° on fused silica substrate on the same deposition system and under the same
deposition process parameters as given in section 3.1.2.1 of this chapter.

AFM system was used for morphological measurements. Si cantilever probe with grown
super sharp diamond like carbon (DLC) tip having tip curvature 1-3 nm, resonance frequency
198 kHz and force constant 8.8 N/m has been used for morphological measurements. Length
and width of the cantilever probe used were 125 and 35 um respectively. DLC AFM probe
being very hard and anti-abrasive was chosen to get the consistency in the measurements [27].
Three different measurements having scan sizes, 2.5x2.5, 5x5 and 10x10 pm? with spatial
resolution of 512x512 points, have been taken for all the films. For optical characterization,
transmission measurements were performed from 300-1200 nm with a wavelength resolution

of 1 nm on UV-VIS-NIR spectrophotometer.
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3.2.3. Computation and Modeling
3.2.3.1. Extended power spectral density

PSD function can be derived from many different measurements such as, morphological
measurement by surface profilometer, bi-directional reflectance distribution function and
AFM measurement of surface profile [122, 128]. Among all, AFM is widely used and an
excellent tool to characterize rough surfaces having height irregularities not more than few
microns. There are large numbers of publications which describe surface statistics thoroughly
[129, 130]. In the present paper, we have adopted the formulation described in refs. [131, 132]

for the computation of PSD function from AFM scans as follows:

N N 2

1 —27iAL( fym+fyn)
Sy( fxfy)=? ¥z ALY (3.15)

m=1n=1
Here S, is the 2-dimensional PSD function, L? is the scanned surface area, N is the number of
data points in both X and Y direction of scanned area, Zy, is the surface profile height at
position (m,n), fyand f, are the spatial frequencies in X and Y directions respectively. AL (L/N)
is the sampling interval. Computation of PSD is further followed by transition to polar

coordinates in frequency space and angular averaging (¢):

27
S.(f)=— [ $,(1.4)dg 619
0

As the PSD depends only on one parameter, it will be plotted in all our figures as a ‘slice’ of
the 2-D PSD with unit ‘(length) *’.

PSD obtained from single AFM scan has roughness in limited band of spatial
frequencies and the band width depends on scan area and sampling interval. Artefacts can

also constrain frequency band width of PSD. Fortunately such band width limitation can be
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eliminated by combing topographical measurement performed on different scan size provided
following conditions are satisfied:

(1) Spatial frequency range on which different scan size measurements are performed should
overlap partially.

(2) Different PSD should be of the same order of magnitude in the overlap region.

With the conditions mentioned above, combined PSD at a frequency is given by geometrical

averaging:

M Ha
I:)SDcombined ( f ) = |:|1:[1 PSD| ( f ):l (3.17)

Here M is the PSD overlapping at concerned frequencies.

In the present work, PSD functions have been computed separately for scan area, 2.5x2.5,
5x5, and 10x10 pm? and combined together in a suitable manner taking care of all the
conditions mentioned above. Experimental computation needs appropriate analysis models so
that an extensive interpretation of PSD can provide deep insight of morphological statistical
parameters of obliquely deposited HfO, thin films. Several mathematical models alone or in
combinations have been proposed and used by researchers to interpret experimental PSD.
The mostly used extended model for PSD of thin films is the sum of Henkel transforms of the
Gaussian and exponential autocorrelation functions [133]. However, such model fails when
wide spatial frequency range is considered. To describe roughness over large spectral
frequencies, PSD model should comprise contribution from substrate, pure thin film and
aggregates or superstructures.PSD of substrates generally follows inverse power law with

spatial frequency (assuming fractal like surfaces) and is given as follows [134]:

PSDfractal( f , K ,7/) = (3.18)

f y+1

Here K is spectral strength of fractal and y is fractal spectral indices. This PSD formulation

follows self-affine surfaces only and fractal dimension Fd is given as follows:
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Fd=—4;7/ 0<y<2 (3.19)

When y = 0 i.e. Fd = 2, surface is extreme fractal, for Fd =1.5, surface is Brownian fractal
and for Fd=1, surface is marginal fractal. Apart from substrate fractal contribution towards
total roughness, thin films also exhibit strong fractal characters especially at higher spectral
frequencies. PSD of pure thin film is conventionally characterized by ABC or k-correlation

model [135]:

A
ABC = (1+ B2f2 )(C+l)/2

PSD (3.20)

Here, A, B, and C are model parameters. PSD function generated from Eq. 3.15 depicts a
“knee” which is determined by model parameter B. At small f values, well below the knee,
the PSD is determined by A. At high f values, beyond the knee, surface is fractal and the PSD
is determined by parameter C. Equivalent RMS roughness (o) and correlation length (z) are

related to parameters A, B and C as following:

o2 __27A _(C-1)’B?
ABCTBY(C-1) T 22%C

(3.21)

Here, o is the contribution of pure thin film to total RMS surface roughness and its value is
determined by vertical features on thin film surface. The parameter, z accounts for lateral
features and is equal to the size of geometrical grain on the surface of thin film. Models
discussed so far are monotonically decreasing function of spatial frequency and do not
account for any local maxima in PSD while experimental PSD functions of our films exhibits
one or two local maxima due to contributions from aggregates. Such peaks in experimental
PSD can be accounted by using Gaussian function with its peak shifted to a non-zero spatial

frequency as described in ref. [136]. For our thin films, we have used the combination of all

the three PSD models and the combined formulation is as follows:
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I:)SDTotaI = f7+1 + (1+ 32 f 2 )(C+1)/2 +Z7z'aszh,mrszh,m exp{_ﬂ'zfszh,m( f- fsh,m )2}
m

(3.22)

Here, o, and 7, correspond to height and size of superstructure. PSD functions of all the

thin films have been fitted using above formalism to obtain useful surface statistical

parameters.

3.2.3.2. Determination of optical constants

Prior to the determination of optical constants of thin film, substrate transmission spectra was
fitted using Cauchy’s dispersion relation [72] to estimate substrate refractive index.
Subsequently, transmission spectra of single layer thin film were fitted using Sellmeier’s
dispersion model and »* (chi) square minimization [71, 72] was carried out to determine the

best fit values of the fitting parameters including refractive index and thickness of the films.

3.2.4. Results and discussion

3.2.4.1. Micro-roughness parameters

As mentioned above, we have performed AFM scans of same size at 8 different places over
thin film surface. In Fig. 3.13, average PSD function of a representative film deposited at an
angle 62°, computed from Eq. 3.15 for scan size 2.5x2.5 um® at different places is shown. It is
worth to notice that after averaging, fluctuations in PSD profile are reduced significantly.
Extended PSD functions which have been computed from Eg. 3.15, 3.16 and 3.17, are plotted
in Fig. 3.14 for all the films. The PSD function of film at 80° depicts a big jump from others.
Such a jump is the attribute of bigger vertical and lateral features on the surface of thin film
deposited at 80°. The Eq. 3.22 for combined PSD model has been used to fit the experimental
extended PSD. The best fit parameters such as intrinsic film roughness and correlation length
etc. are listed in Table 3.5. Experimental and fitted PSD for thin films deposited at angles 80°

and 0° along with contributions of different model components to total PSD are shown in Fig.
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3.15 (a) and Fig. 3.15 (b) respectively. Fitting quality justifies the use of the combined PSD
model. It can be noted from Table 3.5 that all the films except the film at 80°, has been fitted
using two shifted Gaussian peaks. PSD of film at 80° fits very well using single shifted

Gaussian peak only. Fig. 3.16 presents a very interesting trend of intrinsic RMS roughness

(o sc) and spectral strength of fractal (K) with respect to angle a. For lower values of «,

o gc 1S Nearly constant (from 0 to 50°). For intermediate angles (50° to 70°), it depicts a

decreasing trend and then again increases steeply with an increase in angle a (a > 70°)
exhibiting the highest value for the film deposited at 80°. Such variation can be explained in
the light of atomic shadowing, re-emission and diffusion of ad-atoms. At glancing angle (o ~
80°) as shown Fig. 3.12, the velocity component V cosé (6=90-a) of incoming ad-atoms
along the substrate surface is highest (6~10°) and it makes ad-atoms to diffuse on substrate

surface and try to smoothen surface.

Stationary
substrate

EB evaporation
source

Substrate

Fig. 3.12: Schematic of oblique angle deposition and mechanism for slanted columnar
growth due to shadowing effects.

However, in EB evaporation technique, diffusion due to ad-atom velocity along surface is

very small. The velocity component V sin@ of ad-atom perpendicular to the plane of
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substrate is lowest and hence sticking probability of ad-atom to substrate is lowest at a. = 80°.
Consequently, re-emission of ad-atoms is highest and it gives smoothing effect to the surface

of film with slanted angle columnar growth [137].
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Fig. 3.13: Shows the reduction of noise in PSD by averaging of PSD functions of scans size
2.5 x 2.5 um? measured at 8 different places for the film deposited at an angle of 62°.
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Fig. 3.14: Displays extended PSD for all the obliquely deposited HfO thin films.

On the other hand, surface roughening due to atomic shadowing effect is very high and
dominates surface smoothing effects due re-emission and diffusion of ad-atoms at o = 80° [3,

137]. Consequently, GLAD film depicts the highest surface roughness amongst all. As the
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angle o decreases, shadowing effect tends to diminish very fast [3]. Sticking probability of
ad-atoms increases whereas V cos @ decreases with the decrease in angle a. For angle a below
70°, shadowing offers very small roughening effects. Even though re-emission and diffusion
of ad-atoms also decreases with decrease in angle a, smoothing due to re-emission and
diffusion of ad-atoms starts dominating surface roughening due to shadowing effects.

Consequently, effective smoothing of surface for intermediate angles (70°-57°) occurs and

O xpc depicts the lowest values for intermediate oblique angles. As the angle o decreases

further, atomic shadowing creates negligible roughening effects. Below 50° angle of
deposition, slanted columnar growth tends to disappear and straight and dense columnar

growth occurs [27]. Smoothing effect also decreases due to low re-emission and diffusion of

ad-atom for lower values of angle a. As a result, o, increases slightly and then saturates as

the angle a tends to 0° (normal deposition). Spectral strength of fractal (K), which is the

measure of strength of fractal components in surface, follows the similar trend as of o ¢

with angle a. Similar trend of opgc and K indicates a proportionality relation between them.
As listed in Table 3.5, correlation length (zagc) represents the surface grain size which

increases monotonically from angle o = 0° to o = 65°. The grain size increases steeply with
further increase in angle a. The lowest and the highest value of grain size are 26.7 and 74.6
nm for thin films at 0° and 80° respectively. The variation of grain size with angle a is also
corroborated by 2-D AFM surface morphologies shown in Fig. 3.17.The highest grain size of
film at 80° is the consequence of dominant atomic shadowing effects at high oblique angle.
Diameter of slanted columns is very high (~ 50-100 nm) at glancing angles deposition as
shown in Fig. 3.6, which ultimately leads to bigger grain size on surface. Decrease in angle «
leads to reduction in surface grain size due to a decrease in shadowing effects and column
slanting angle. In Table 3.5, the values of fractal indices (y) and fractal dimension (Fd) are

listed. The value of y increases gradually with angle « and saturates for a > 62°.
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Fig. 3.15(a), (b): Experimental and fitted extended PSD of thin film deposited at angles 80°
and 0° respectively. Fitted PSD has also been de-convoluted in different model components.

0.033
—— Intrinsic RMS roughness
H —— Spectral strength
£ pectral streng | 0.020
bt —~
;
b +
& B 0.027 E
3 [T ~
= e
= 1 -
2 = 2 £
g . g
@ 021 2
= { o
~ \I/\ L 0003 5
= el - }\-{ 3
£ 014 i
=
=
=
I- 0.000
T ) T T T S T v. T
0 20 40 60 80

Deposition angle, o (degree)

Fig. 3.16: Variation of intrinsic RMS roughness and fractal spectral strength of obliquely
deposited HfO; thin films with angle of deposition.
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Fig. 3.17: 2-D AFM images of obliquely deposited HfO; thin films.

The value of y varies from 0.33 to 0.48 and hence Fd varies from 1.84 to 1.76. The value of
Fd is close to 2 for all the film samples. It indicates that thin film surfaces are between
extreme and Brownian fractal. Relatively lower fractal dimension for near glancing angle
deposited films indicates that the thin film surfaces are more close to Brownian fractal. The
values of 01,71 and o,,7, which are roughness contribution and correlation length of
aggregates or superstructures for shifted Gaussian peak-1 and peak-2 respectively, are listed
in Table 3.5. Fig. 3.15 (a) and (b) indicate that the contribution of aggregates to total PSD is
dominant for lower spatial frequencies and negligible for higher frequencies. Aggregates size
and their contribution towards PSD vary randomly with a and hence no correlation can be set

between shifted Gaussian peak parameters and deposition angle o.

3.2.4.2. Optical properties
Fig. 3.18 (a) presents the transmission spectra of all the thin films. Transmission spectra

depict a decrease in contrast of interference fringes with the increase in angle «. Such
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Table 3.5: Fitting and derived morphological parameters from modelling of extended power
spectral density function.

Deposition r K A B C Fa fa fs2
angle, (om*  (mY  (nm) Opmc  Thasc % hoam %2 T2
(degree) ) (nm) (nm) (nm)  (nm) Y (hm)  (hm) )

x10* x10° x10°  x10* x10°
4 5 4

0 033 25 90 98 315 017+ 267+ 184 214 841 17 2713 283 7

0.02 0.8

40 036 22 110 105 335 016+ 308+ 182 170 870 22 210 250 6
0.02 0.8

50 038 23 188 121 345 018+ 363+ 181 174 945 25 344 249 9
0.02 0.8

57 040 11 102 125 345 013+ 371+ 180 232 835 15 500 200 5
0.01 0.8

62 048 7 95 130 350 012+ 391+ 176 167 948 21 176 380 9
0.01 0.8

68 048 7 99 147 350 011+ 441+ 176 194 940 19 246 291 6
0.01 0.8

80 0.48 280 15076 248 350 0.79+ 746+ 176 437 1510 24 Nil nil nil
0.03 0.9

outcome may be attributed to the increase in porosity in the films with increase in angle a.
Again variation in film porosity is governed by film microstructure which changes due to
varying atomic shadowing effect with deposition angle. It may also be noted from Fig. 3.18
(a) that for film at 80°, absorption for wavelengths less than 350 nm increases very fast and
this may be due to the contribution of multiple reflections of light between the columns inside
the film and due to high diffused scattering from rough surface [77, 138]. Multiple reflections
inside thin film deposited at the glancing angle, arise from high inter-columnar distance. As
the angle « decreases, inter columnar distance reduces steeply and become very small
compared to wavelengths of interest for lower values of angle a. Hence, the films deposited
at lower obligue angle do not show any additional absorption. In Fig. 3.18 (b), experimental
and fitted transmission curves are shown for a representative film deposited at 62°. Suitability
of Sellmeier’s dispersion model is justified by the fitting quality. Film thicknesses determined
from modeling of transmission data are 622, 487, 390, 478, 398, 426 and 421 nm for the

films deposited at angles 80°, 68°, 62°, 57°, 50°, 40°, and 0° respectively.
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Fig. 3.18 (a): Measured transmission spectra for all obliquely deposited HfO, thin films and
(b) Measured spectra and fitted curve using the Sellmeier's dispersion model for the film
deposited at an angle of 62°.

Fig. 3.19 presents the dispersion of refractive index of all the films deposited at different
angles. It is obvious that all the films show the similar dispersion in refractive index. As the
angle « increases from 0° to 62°, dispersive values of refractive index decrease gradually.
However, as the angle o increases further, refractive index starts decreasing steeply and
possesses the lowest dispersive values for GLAD (80°) thin film. Decrease in refractive index

with « is the consequence of increase in film porosity.
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Finally, the variation of grain size and refractive index with deposition angle are plotted
together in Fig. 3.20. It is found that grain size depicts an opposite trend of variation
compared to refractive index with deposition angle «. Such behavior indicates a strong
correlation between grain size and refractive index. Refractive index at wavelength of 600 nm
varies from 1.37 to 1.93 as the angle a varies from 80° to 0°. The lowest refractive index of
1.37 is exhibited by GLAD film and is less than the refractive index of fused silica substrate
(n=1.45 at A=600 nm). Consequently, thin film deposited at 80° gives an antireflection effect

[71] due to interference between light reflected from air/film and film/substrate interfaces and
the same is shown in Fig 3.18 (a). From above discussion, it is concluded that variation in
microstructure of obliquely deposited HfO, thin film due to varying deposition angle has

great impact on their optical and morphological properties.
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Fig. 3.19: Plot of dispersive refractive index for all the HfO, thin films.
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Fig. 3.20: Variation of refractive index and grain size with angle of deposition.

3.2.5. Summary

Several HfO, thin films have been deposited at different oblique angles varying from 0° to 80°
by reactive electron beam evaporation technique. Such thin films possess special
microstructures due to atomic shadowing and limited ad-atom diffusion during growth.
Varying microstructure with deposition angle affects morphological and optical properties of
thin film. Effect of deposition angle on morphological and optical properties of obliquely
deposited HfO, thin films has been studied extensively through extended power spectral
density and optical transmission measurements. Among all the thin films, GLAD film
exhibits the highest grain size and intrinsic RMS surface roughness. Intrinsic roughness and
fractal spectral strength obtained from the analysis of extended power spectral density follow
the similar trend with deposition angle. Behavior of surface morphological statistical
parameters and refractive index with deposition angles have been explained by the combined

effect of atomic shadowing, re-emission of ad-atoms and diffusion of ad-atoms.
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CHAPTER 4: GLANCING ANGLE
DEPOSITION OF HfO, THIN FILMS BY
MAGNETRON SPUTTERING

4.1. Introduction

As discussed in chapter 1 and 3, GLAD thin films are often porous and RMS surface
roughness is higher compared to the normal thin films [139, 140] due to ballistic atomic
shadowing effects. Even though films with such porous and rough surface morphology are
undesirable in many of the application including multilayer thin film based optical devices,
this has got certain advantages also. For example, GLAD thin films find application as broad-
band antireflection coatings [141, 142], photonic band-gap crystals [40] omni-directional
reflectors [143], sensors [144], super-hydrophobic coatings [145] etc., due to the porous

interior and rough surface nature of the films.

One of the vital requirements for making porous thin films with nanostructures is the
collimation of the deposition flux [3, 140] which is a favorable feature of evaporative
deposition technique. A plenty of work on GLAD has been carried out by physical
evaporation technique where a flux of particles is supplied from an evaporation source under
high vacuum which ensures a collision-less regime of the particle movement. The magnetron
sputtering which suffers from wide angular distribution of deposition flux and workability at
higher pressure is comparatively less explored [140] for glancing angle deposition. Hafnium
oxide (HfOy) as discussed in chapter 3, is a technologically important optical material which

is widely studied both by conventional magnetron sputtering deposition technique [146] as
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well as other physical vapour deposition techniques [147, 148]. However, study on GLAD
HfO, thin films especially by magnetron sputtering is scanty. Present investigation of RF
magnetron sputtered HfO, thin film is primarily oriented towards glancing angle processes
and various related outcomes. The recent work [149] on GLAD magnetron sputtering
deposited HfO, thin films shows that the films exhibit high water contact angle proving the
suitability of such films as hydrophobic thin film layer. But, their study of optical properties
shows very less reduction in refractive index (r.i.) and hence less porosity of the films;
specifically their obtained r.i. is in the rage of 1.90 to 1.93 while the values of refractive
index for HfO; thin films in literature varies from 1.85 to 2.15 [150-152].

Present investigation is especially aimed at exploring the effect of target to substrate
distance on morphological, optical and structural properties of RF magnetron sputtered HfO,
thin films being deposited under glancing angle. Target to substrate distance (D+s) is an
important parameter in controlling the growth and quality of thin film. The average energy of
the sputtered atoms is of the order of several eV [153] and the energy of the ad-atoms due to
the collision, deposition flux density, deposition flux collimation [3] gets changed with
increase in target to substrate distance. These are all important factors of deposition dynamics
which can affect the properties of films. Thaveedeetrakul et al. [154] reported that due to the
energy loss of the ad-atoms with increasing Ds, there is lesser surface diffusion and hence
lesser crystallinity of the DC magnetron sputtered zirconia thin films. Jeong et al. [155]
reported that with decreasing Drs, the growth rate increases while the electrical resistivity as
well as crystal size in the aluminium-doped ZnO films decreases. Wuhrer et al. [156] has
reported that with increase in Dys, AFM RMS roughness increases for sputter deposited
nano-structured titanium-aluminium nitride coatings.

In present work, the effect of substrate-target distance on the crystallinity, surface

morphology and optical properties of HfO, thin films deposited under glancing angles using
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RF magnetron sputtering technique has been studied. Under present investigations two sets of
HfO, thin films have been deposited at 82° and 86° of glancing angle; each set being
deposited at four different targets to substrate distances in the range 70 to 125 mm by radio
frequency magnetron sputtering deposition technique. AFM measurements of the samples
have been carried out for morphological study. The spectroscopic ellipsometry have been
carried out for optical study of the thin films. Densities of few of the samples have been
estimated through GIXR measurement. Crystallographic structure of the samples was studied

by GIXRD measurement.

4.2. Experiments

The HfO, thin films have been deposited on silicon wafer by RF magnetron sputtering
deposition technique (custom made deposition system) with target (Cerac, 99.9% purity)
having diameter of 76 mm and thickness 5 mm. Detailed description of the sputtering system
has been given in chapter 1 of this thesis. Prior to each deposition, base pressure of 1.0 x10°
mbar was achieved in the deposition chamber and HfO, target was pre-sputtered [146, 157]
for ~ 300 sec at high RF power (500 W) to remove surface contamination, if any. All the
films were deposited at 5.6 x 10 mbar argon (Ar) gas pressure and at 250 Watt of RF power.
A multichannel quartz crystal (Maxtech Inc. model: MDC-360 C) was positioned in between
target and substrate as shown in Fig. 4.1. It is to be noted that since the quartz crystal
thickness monitor is at fixed height, the thickness value derived from there is only taken as
guiding parameter for monitoring the process stability rather than for exact quantitative
thickness determination. For present investigations two sets of HfO, thin film have been
deposited at 82° and 86° of glancing angle as shown in Fig. 4.1; each set being deposited at
four different target to substrate distances visualizing 70 mm, 90 mm, 110 mm, 125 mm by
RF magnetron sputtering deposition technique. Duration of deposition for each sample was

varied for different samples in order to keep approximately similar thickness according to the
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measured deposition rate by online quartz crystal thickness monitor. For the reason
mentioned previously, exact value of thickness of the film could be monitored by
spectroscopic ellipsometry as mentioned below. The typical deposition rate was in the range

of 1 nm/min - 5.6 nm/min.

Quartzcrystal [URICNERCY
head e

Fig. 4.1: RF magnetron sputtering system with GLAD set-up (schematic is shown in inset).

Morphological characterization of the films has been carried out by AFM measurements.
Semi-contact mode of the AFM with super sharp DLC tip grown on Si cantilever, having
radius of curvature 1-3 nm, force constant 8 N/m and resonance frequency 190 kHz, has been
chosen for the efficient topographic measurements of the thin films. Optical characterization
of the films has been carried out by rotating polarizer type spectroscopic ellipsometer. The
ellipsometry spectrum was measured for the samples in the wavelength range 200-900 nm at
70° angle of incidence. GIXR measurement has also been carried out for few of the samples

in order to estimate the density to cross check the trend in refractive index as estimated from

91



ellipsometry. The GIXR measurements have been carried out by using a 1.54A° Cu Ka
source (Brooker D8 discover) in the glancing angle range of 0 to ~ 0.9° in steps of 0.005°.
Structural study of GLAD samples was carried out by Rigaku Ultima-1VV XRD machine
by recording the GIXRD pattern of the samples in 26 geometry with a scan speed of 1° per
minute in the angular range 20-80°. The grazing incidence angle of X-ray on the sample was
kept at ~ 0.5°.
Since the spatial non-uniformity in the GLAD deposited samples is quite likely to
occur, all the above measurements have been taken at the centre of the 1 inch diameter

sample in order to retain the consistency.

4.3. Results and Discussion

4.3.1. Morphological Properties

All the HfO, samples were subjected to AFM measurements to examine the variation of
surface morphology due the change in target to substrate distance and the effect of deposition
angle on it. Fig. 4.2 shows 3D AFM image of all the HfO, GLAD samples at different D+s
for both at 82° and 86° angles of deposition. It can be seen from Fig. 4.2 that compared to
other samples, the sample deposited at 110 mm Drs and at 82° glancing angle exhibits
prominent nanostructures. The surface roughness calculation yields that the estimated values

of RMS roughness of the films lies in the range 2 to 12 nm.

Fig. 4.3 shows the 2-dimensional (2D) morphological AFM images of all the HfO,
films which show the 2-D projected images of the grains which can be mainly classified as
approximately circular and elliptical in shape. To further confirm their shape (in some of the
films), we also carried out measurement by rotating the samples and found that shape of the

grain remains unaltered with only the surface feature being rotated. The approximate shape
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and dimension of these 2-D projected grains are tabulated in Table 4.1. The error in grain size

mentioned in the table represents the deviation of the estimated value from its mean value as

90 mm 82° 90 mm 86°

110 mm 82° 110 mm 86°

125 mm 82° 125 mm 86°

Fig. 4.2: AFM images of HfO, GLAD films deposited at different target-substrate distance
and at 82° and 86° angles of deposition (X axis: 2.5um, Y axis: 2.5 um, Z axis: is nm unit).
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estimated over 20 numbers of grains for each samples. The table shows that for both 82° and
86° glancing angle of depositions, for lower Dts the grains are elliptical in shape and as D+s
has increased beyond approximately 70-90 mm, the grains are predominately circular in
shape. This is probably because at shorter D+s, the higher kinetic energy (KE) of ad-atoms
has caused higher nucleation density [158] and higher surface diffusion. As a consequence,
elongated grains of approximately elliptical in shape are produced by method of coalescence

[159] of the neighboring grains.

Table 4.1: Geometrical shape and size of grains on surface of GLAD HfO, thin films as
obtained from AFM measurements.

Deposition angle (82°)

Drs (mm) Grain shape Grain size (nm) Average grain area
(nm?)
70 Elliptical (270 £ 20) x (120 £ 20) 25,446 £ 6124
90 Circular 130 £ 20 13,351 + 4108
110 Circular 80+ 10 5056 + 1264
125 Circular 150 £ 20 17,775 £ 4740

Deposition angle (86°)

Drs (mm) Grain shape Grain size (nm) Average grain area
(nm?)
70 Elliptical (240 £ 20) x (90 £ 10) 17,064 + 3312
90 Elliptical (260 £ 20) x (110 £ 10) 22,594 + 3312
110 Circular 70+ 10 3871 +£1083
125 Circular 140 £ 20 15,484 + 4335

The average grain area was calculated from these images and plotted in Fig. 4.4. The area of
elliptical grains were calculated by approximating the grains as an ellipse with a defined
minor and major axis which are equal to the larger and smaller diameter of the actual grains
[160]. The error bar of grain area was calculated based on the grain size mentioned in Table

4.1. Fig. 4.4 shows that for both sets of films, grain area has decreased with increase in D+s in
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the range 70-110 mm but with the subsequent increase in D+s the grain area has increased.
To further verify the trend of this graph, we have added three more additional points for both
the angles of deposition at 60 mm, 100 mm and 135 mm target to substrate distance. The
evolution of grain area with target to substrate distance is in accordance with the deposition
rate. The higher deposition rate has resulted in larger diffusion [161] of the ad-atoms
probably causing the increase in grain size. The correlation of morphology with the
deposition rate was also demonstrated by Jie et al. [50] where the study on GLAD HfO, thin
films deposited by EB evaporation technique showed that the shape factor defined by the
ratio of deposition rate to the substrate rotation speed plays an important role in determining

the morphology of the samples.
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Fig. 4.4: Plot of grain area as obtained from AFM images vs. target to substrate distance at
82° and 86° angles of deposition.

4.3.2. Structural Study by GIXRD Measurement

GIXRD measurements were performed on all the HfO, samples in order to investigate the
structural properties of the samples. Grazing incidence mode was chosen since the samples
under study are in thin film form. Fig. 4.5 (a) and (b) show the GIXRD plot of the samples
deposited at 86° and 82° angle of deposition. Comparing the GIXRD data with the standard
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data (powder diffraction file — international centre for diffraction data, PCPDF), we find that
all the films show polycrystalline mono-clinic crystal structure (PCPDF file number: 78-
0050). GIXRD peak of all the samples at around 28.4° corresponds to (-11 1) plane of
monoclinic crystal structure which along with other peaks suggests that our HfO, samples
have grown with monoclinic crystal structure. The planes corresponding to the peaks of
GIXRD data are also indicated in the respective spectra. For 70 mm DTS, the crystallinity
has degraded in going from 86° to 82° angle of deposition. For rest of the samples which are
deposited at Drs in the range 90-125 mm, the crystallinity has improved in going from 86° to
82° angle of deposition. With the decrease in deposition angle, shadowing effect decreases
and hence the surface diffusion of ad-atoms increases [49] which probably results in
improvement in crystallinity. Increase in crystallinity with the decrease in deposition angle
was also previously observed by Wang et al. [162] for GLAD ZnS thin films deposited by

EB evaporation. It is noteworthy that the GIXRD measurement of our earlier published [146]
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Fig. 4.5: GIXRD data of HfO, thin films deposited at (a). 86° (b). 82° and (c). 78° glancing
angle for various target-substrate distance.

HfO, thin films deposited by magnetron sputtering which was at normal flux incidence angle,

exhibited much better crystallinity since normal angle of deposition does not suffer from the
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reduction in surface diffusion due to the shadowing effect. However at shorter distance
visualizing 70 mm DTS, due to the enhanced substrate temperature, sufficient surface
diffusion [154] of ad-atoms may be expected, but larger deposition rates at 82° compared to
86° opposes the ad-atoms to get arranged in crystalline form. That is why at 70 mm Drs, the
crystallinity has got degraded in going from 86° to 82° angle of deposition. To verify the
above trend of crystallinity with the reduction in deposition angle, the whole set of samples
has been deposited at one more glancing angle visualizing 78° angle of deposition and
displayed in Fig. 4.5 (c). It shows similar variation of crystallinity for samples deposited at 70

mm and 90-125 mm target to substrate distance.

4.3.3. Optical study by spectroscopic ellipsometry

Ellipsometry is already discussed in section 2.2.5.2 of chapter 2. In present work, optical
constants and film thickness of GLAD HfO, thin film have been determined using
spectroscopic ellipsometry as follows.

Thin film deposition by physical vapour deposition processes is in general characterized by
presence of voids in the layers. For present analysis, each sample has been modelled as one
surface layer of 0-20 nm thickness having fixed void percentage of 50%, a bulk layer which
is a homogeneous mixture of HfO, material and variable percentage of air as a void and an
interface layer in between the film and the substrate, which is again an homogeneous mixture
of HfO, material and certain variable amount of void presence. In the inset of Fig. 4.6, the
schematic of sample layer structure model as described above is shown for a representative
sample. The calculation of the effective dielectric constant of the layers has been done using
the Bruggeman Effective Medium Approximation (EMA) [163], while Tauc—Lorentz
dispersion model [164] was used as a dispersion relation for the HfO, material part in the
above layer structure. The Tauc—Lorentz [TL] dispersion model [164] relies upon five
parameters At., Ci, Eo, Eg, € () to describe the wavelength dependence of complex
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refractive index. Here Aq_ is the strength of the transition, C_ is the broadening of the
transition, Eo is the peak transition energy, Egq is the band gap, and & (o) is the dielectric
constant at infinite energy or zero wavelength. Assuming the above sample structure with
trial thicknesses, void fractions and parameters of dispersion relation for the different layers
as fitting parameters, the measured ellipsometric spectra are fitted by minimizing the Root
Mean Squared Error (RMSE) value between the measured and calculated values of the

ellipsometric parameters tan(y) and cos(4) and defined as [165]:

N[~

(2N-P)

RMSE = {;i{(tan P _tan ¥ )2 +(cos 4™ —cos 4™ )Z}} (4.1)
i

where N is the number of data points and P is the number of model parameters. Fig. 4.6
shows the experimental and fitted ellipsometry data for a representative HfO, sample
deposited at 82° angle and at 110 mm D+s. Fig. 4.7 displays the simulated dispersion curve of
the material part of HfO, along with Tauc—Lorentz parameters for a representative sample.
The error in determining thickness and effective refractive index is expected to be within + 2
nm and + 0.01 respectively under the present treatment. It is pertinent to note that we got
reasonably good fitting with the above conventional structure model although a more
rigorous ellipsometry model suitable for nanostructures may be required.

To check the spatial uniformity of our GLAD HfO, films, we performed the
ellipsometry measurement at four positions 10 mm apart (top, bottom, left and right) of each
sample. The measured spectra of one such representative sample are shown in Fig. 4.8 and
the estimated values of thickness and r.i. at above mentioned four positions on this sample are
reported in the tabular form in the inset of the same figure. It is clearly seen that there is only
a variation of 7 nm in thickness and 0.01 in r.i. over 10 mm distance in lateral direction,

whereas in vertical direction the variation is around 27 nm in thickness and 0.03 in r.i. over

10 mm spatial separation. Similar magnitude of variation was observed in all the other
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measured samples also which indicates that our GLAD deposited samples are pretty uniform
in lateral direction both in terms of thickness and refractive index. To get rid of any
ambiguity in thickness and refractive index variation in vertical direction, while comparing
different samples, we have consistently taken the measurements at the centre point of each
sample. The average thickness of the film deposited at 82° is ~138 nm with a standard
deviation of 28 nm accounting the thickness variation for different substrate— target distances
and similarly the average thickness of the films deposited at 86° is ~105 nm with a standard

deviation of 35 nm.

0.51 |-
< :
5 0.00 Thickness=15.7 nm, void=50 %
Thickness=89.7 nm, void=34.4
0.51 LH Thickness=14.6 nm, void=10.2
Silicon substrate
B
33 |-
=
S 22
ot
1.1

P R R RN R PR R R
200 300 400 500 600 700 800 900 1000

0.0

wavelength (nm)

Fig. 4.6: Plot of experimental and best-fit theoretical values of tan (w) and cos (A) vs.
wavelength for a representative HfO, film deposited at 82° angle and at 110 mm target-
substrate distance.(ooooo00: Experimental data; ------ . theoretical data). Sample layer
structure model used for ellipsometry data analysis is shown in inset.

The deposition rate was calculated by dividing the estimated thickness (from analysis of
spectroscopic ellipsometry data by the above means) by duration of deposition time and is

shown in Fig. 4.9. As can be seen from Fig. 4.9, the deposition rate decreases with the
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increase in Drs in the range of 70-110 mm for both the set of films due to the decrease in
deposition flux density (with increasing Drs). Similar result has also been reported by Jeong
et al. [155] and Wuhrer et al. [156]. However, in going from 110 to 125 mm Drs, the
deposition rate has increased rather than decreasing for both the set of films. This is probably
due to the fact that at Dvs larger than110 mm, the increased sticking coefficient factor

dominates the effect of decreased deposition flux density since the sticking coefficient
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Fig. 4.7: Dispersion curve of a representative HfO, thin film (deposited at 82° and 110 target
to substrate distance) as obtained from ellipsometric measurements. Fitted values of Tauc-

Lorentz parameters are also given in inset.

1.5

increases with the increase in Drs [166]. Regardless of target to substrate distance, the
deposition rate for 82° deposition angle is larger than that of 86° deposition angles which is
caused by the larger number of deposition flux faced by the substrate surface at lower
deposition angle, as evident from Fig. 4.1.

Fig. 4.10 shows the plot of effective refractive index of the HfO, films with the
variation of Drs for both set of samples. Comparing Figs. 4.9 and 4.10, we can see that
effective refractive index follows almost a similar trend as that of deposition rate. We
attribute this trend of refractive index to the fact that higher deposition rate increases the

substrate temperature which increases the diffusion rate of ad-atoms and reduces the porosity
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Fig. 4.8: Measured ellipsometry spectra at four positions 10 mm apart (spots of measurement
are shown in the inset) of the HfO, sample deposited at 82° angle and 70 mm target to
substrate distance (table in inset displays the estimated values of thickness and refractive
index at four positions).
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Fig. 4.9: Variation of estimated deposition rate as a function of distance D+s for 82° and 86°
of deposition. Fig. 4.10: Variation of effective refractive index of the HfO, GLAD films
obtained from ellipsometeric measurements as a function of Ds for 82° and 86° angle of
deposition (the data points marked as ‘a’, ‘b’, ‘c’ in the figure are the ones for which GIXR
was carried out in order to verify the trend of density).

and increases the refractive index. However, at 110 mm D+s, the r.i. at 86° is greater than that
at 82°. As shown in Fig. 4.5, the sample deposited at 86° with 110 mm D+s shows very little

crystallinity and almost shows amorphous like structure. The deposition rate, KE of the ad-
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atoms, collimation of the deposition flux etc., might have promoted this high index

amorphous like structure and thus the films deposited at 82° and 110 mm Ds shows lowest

r.i. compared to all other films.

4.3.4. Determination of film density by GIXR measurements

GIXR measurements were performed selectively on three samples; visualizing on the
samples (a) deposited at 82° deposition angle at 90 mm target-substrate distance (b) deposited
at 86° deposition angle at 70 mm target-substrate distance (c) deposited at 82° deposition
angle at 110 mm target-substrate distance in order to verify the trend in effective refractive

index obtained from ellipsometry measurement and are indicated in Fig. 4.10. Since the
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Fig. 4.11: GIXR data of three GLAD HfO; thin films; namely the film (a) deposited at 82°
deposition angle and at 90 mm target-substrate distance (b) deposited at 86° deposition
angle and at 70 mm target-substrate distance (c) deposited at 82° deposition angle and at
110 mm target-substrate distance.

thickness (~100 nm as obtained from ellipsometry measurement) and surface roughness (~ 10
nm as obtained from AFM measurement) are pretty high, the Kiessig [167] oscillations do

not appear in XRR data as shown in Fig. 4.11 and thickness of the samples cannot be
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estimated from these data. Only density of the films was estimated by fitting the XRR data
around critical angle. The experimental and simulated X-ray reflectivity plots are shown in
Fig. 4.11. The calculated densities from XRR data and refractive index as calculated from
ellipsometry of these samples are shown in tabular form in the inset of Fig. 4.11. As can be
seen, the trend of the estimated densities is in the similar order with the trend of EMA

refractive index as labeled by ‘a’ ‘b’ and ‘¢’ in the figure.

4.4, Summary

HfO, thin films have been deposited keeping substrate at glancing angle with the deposition
flux by RF magnetron sputtering deposition technique at two different angles of depositions
82° and at 86° and at four different targets to substrate distances visualizing 70 mm, 90 mm,
110 mm and 125 mm. From the morphological, optical and structural studies of the above
described samples following observations could be made.

(i) At optimum distance Dts = 110 mm and at 82° angle of deposition the film exhibits
prominent nanostructures as observed from AFM image.

(if) At lower D+s (70-90 mm) the grains, obtained by AFM imaging, are elliptical in shape
and as the Drs increases the surface grains are circular in shape. The fact has been explained
in light of the variation in ad atom kinetic energy.

(iii) The grain area has initially decreased with increase in D+s in the range 70 to 110 mm and
grain area has increased in going from 110 mm to 125 mm D+s which is in accordance with
the trend of deposition rate. The competition between deposition flux density and the sticking
coefficient has lead to minimum deposition rate and hence minimum grain area at D1s=110
mm. Regardless of target to substrate distance, the deposition rate for 82° deposition angle is
larger than that of 86° deposition angle which is due to the fact that at lower deposition angle

the substrate surface faces larger number of deposition flux.
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(iv) The effective refractive index follows almost similar trend as that of deposition rate
except at 110 mm Drg for which the film deposited at 82° exhibits lower r.i. compared to that
at 86°. At 86° angle and 110 mm D+s, the formation of amorphous crystallographic structure
is responsible for relatively higher index compared to that at 82°.
(v) Crystallographic structural study of the films shows that all the films have formed in
polycrystalline monoclinic crystal structure. At lower D+s, the crystallinity has improved with
increase in deposition angle due to the reduction in deposition rate which helps in organizing
the atoms in more crystalline form. However at higher Dts (> 90 mm), the crystallinity has
degraded with increase in deposition angle which is due to the lesser diffusion due to the
enhanced shadowing effect at higher deposition angle.

Overall, this can be inferred from this study that the optimum value of target to
substrate distance lies in the range of 100-120 mm for depositing low refractive index HfO,

thin film under glancing angle deposition by RF magnetron sputtering technique.
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CHAPTER 5: GLANCING ANGLE
DEPOSITION OF ZrO, THIN FILMS

This chapter is devoted to glancing angle deposition of ZrO, thin films deposited by
magnetron sputtering and EB evaporation. This chapter has been described in two parts as

following.

5.1. Glancing Angle Deposition of ZrO, Thin Films by Magnetron
Sputtering

5.1.1. Introduction

As discussed in earlier chapters, glancing angle deposition of thin films has been an attractive
field for researchers and technologists in the recent years due to their fascinating physical and
chemical properties. By employing the variation in deposition parameters such as substrate
rotation (), angle and rate of deposition, and substrate temperature, different microstructures
resulting in unique physical and chemical properties can be achieved. The porous
microstructure is responsible for unique properties which are exploited for various
applications such as energy harvesting and storage devices, fuel cell and hydrogen storage,
sensors, optical devices, wetting and micro fluidics, biomaterial and biosensors [1, 3, 4].
Deposition of GLAD thin films can be carried out by various techniques such as electron
beam (EB) and thermal evaporation, pulsed laser deposition, plasma enhanced chemical
vapor deposition and magnetron sputtering techniques [4]. Out of these techniques, EB and
thermal evaporation are known to produce the most porous micro structures due to the
directional movement, and low energy and scattering of ad-atoms. Other techniques,

especially magnetron sputtering being an energetic process produce merged porous

106



microstructure rather than separate nano rods for glancing angles > 80°. Among the various
parameters, the deposition method and the parameter, o have great influence over columnar
morphology and hence various properties of GLAD films. Therefore studying GLAD films
deposited by different coating techniques at different o values assumes importance.

ZrO, exhibits excellent optical, mechanical, electrical, chemical and thermal properties
which enable it to become an important material for applications in various fields [168].
Various properties of ZrO, thin film prepared by different deposition processes under normal
deposition have been investigated by many researchers [169-175]. From optical applications
point of view, ZrO, has high refractive index, high laser induced damage threshold and good
optical transparency in near UV to mid IR wavelength region [176-179]. GLAD ZrO, thin
films fabricated under varying deposition parameters such as deposition angle and substrate
rotation have also been explored by researchers to probe their properties. Wang, et al. had
investigated the influence of angle of deposition and substrate rotation on optical and
columnar micro-structural properties, surface morphology and birefringence in refractive
index of EB evaporated ZrO, thin films [48, 49]. Levichkova, et al. have discussed the
influence of angle of deposition on DC electrical conductivity, micro-hardness, and optical
anisotropy in EB evaporated GLAD ZrO, thin films [180]. Park, et al. have realized a
wideband circular polarization reflector using GLAD ZrO, and other oxide thin films
deposited by EB evaporation [143]. Hdgkinson, et al. have demonstrated and measured
biaxial anisotropy in refractive index of GLAD ZrO, thin films at stationary substrate by EB
evaporation [181]. However, most of the work carried out on GLAD ZrO, thin films is on EB
deposited films. As mentioned earlier, films deposited by sputtering show different micro-
structural properties resulting specially from lower porosity at a given deposition angle in
comparison to EB coated films. Therefore study of such thin films deposited by magnetron

sputtering is of great importance. In the present work, we report the study of optical,
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morphological and micro-structural, and mechanical (residual stresses) properties of GLAD
ZrO, thin films deposited by RF magnetron sputtering with varying, . All the parameters
obtained from different characterizations of GLAD films have been compared with that of

normally deposited (ND) ZrO, thin film.

5.1.2. Experimental Details

ZrO, thin films have been deposited by RF magnetron sputtering in ND and GLAD
configuration. GLAD films have been deposited at glancing angle (82°) on Si (111) substrate
for different substrate rotation values, ® = 0.5, 1.0, 1.5, 3.0 and 4.0 rpm. Thin film samples
are designated as S-1, S-2, S-3, S-4 and S-5 respectively. ND ZrO, film has been designated
as S-6. GLAD sputtering set-up utilizes a DC stepper motor for substrate rotation and is
shown in Fig. 2.5 (chapter 2). Substrate to target distance was kept at 70 mm to get stable
plasma and good deposition rate. Base pressure of 1.5x10™ mbar was achieved using turbo-
molecular pump backed by rotary pump in order to reduce the contaminations in films.
Deposition pressure was maintained at 3 x10° mbar inside the vacuum chamber with
sputtering gas (Argon) flow rate of 19 SCCM controlled by mass flow controller. Sputtering
was carried out at RF power of 250 Watts with a target size of 3 inches giving a deposition
rate ~ 2 A/s for ND film. Actual deposition rate for GLAD films was reduced radically due to
low sticking coefficient. MDC make quartz crystal thickness monitor was used to monitor
and control the rate of deposition and film thickness. ZrO, target was pre-sputtered for 300
seconds to remove any possible contamination from its surface. Crystal structure of films was
examined by recording GIXRD pattern. Morphological measurements of the films were
carried out by AFM system in tapping mode with a super sharp DLC tip grown on silicon
cantilever having radius of curvature ~1 nm and spring constant of 8.1 N/m. In order to
explore microstructure and determine thickness of the films, cross-sectional morphology was
recorded by FESEM system. Optical characterization of GLAD ZrO, thin films has been
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carried out by rotating polarizer type spectroscopic ellipsometer. Ellipsometric measurements
of the films were performed in the wavelength range of 200-800 nm at 70° angle of incidence
of light beam. To derive residual stresses, change in the curvatures of the Si substrates was
measured by recording the shapes of Si substrates before and after the deposition of thin films

using laser Fizeau interferometer.

5.1.3. Results and discussion

5.1.3.1. Structural Properties

X-ray diffraction spectra recorded in grazing incidence configuration are shown in Fig. 5.1
for all the ZrO, films. Major X-ray diffraction Peaks for GLAD ZrO; films were observed at
20 = 24°, 28.1°, 30.2°, 31.5°, 34°, 34.4, 44.8 and assigned to the crystalline planes of
monoclinic and tetragonal phase with directions m (110), m (-111), t (101), m (111), m (002),
m (020) and m (112) respectively. The plane’s directions are in agreement with the published
results [182-184]. GLAD films show a preferential growth for crystalline plane of monoclinic
phase in m (110) direction. Generally, the most intense XRD peak for ND ZrO, films
corresponds to m (-111) direction (20 ~ 28.2°). It is observed from Fig. 5.1 that this peak is
nearly absent for GLAD films. Since different crystal planes grow at different rates, the
vertical growth (perpendicular to substrate) rate is sensitive to the orientation of the crystal.
The crystallites having orientation with the greatest vertical growth are most likely to grow
and preferential growth in that direction of crystallographic planes occurs [3]. In GLAD films,
the ad-atom strikes substrate surface at glancing angle and leads to the preferential growth in
m (110) direction perpendicular to substrate planes. Another important observation is the
presence of tetragonal phase positioned at 30.2° with directions (101), while it is not common
to get tetragonal phase of ZrO, at room temperature. Tetragonal peak for GLAD films was

fitted with Lorentzian curve. The obtained FWHM (B1/,) is 0.63° £ 0.01°. The crystallite
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Fig. 5.1: GIXRD spectra of GLAD and ND ZrO, thin films.

size (t) was calculated to be 13.6 = 0.2 nm wusing Scherrer equation [184]

t=0.941/(B,,, cosd). This clearly indicates that the tetragonal ZrO; is in nanocrystalline

form. At room temperature, monoclinic is the most stable phase of ZrO, due to thermo
dynamic conditions [185] and tetragonal is high temperature phase which generally occurs at
temperature > 600°. Researchers have reported that high temperature tetragonal phase of
ZrO, could also be obtained at room temperature without adding any stabilizing doping by
two methods such as high pressures [186] and fabricating material with very fine crystal
grains [187, 188]. The critical diameter of tetragonal phase crystallite to stabilize the
tetragonal at room temperature is < 30 nm [187, 188]. Since in present case, crystallite size is
~13.6 nm, the presence of tetragonal phase is attributed to fine tetragonal crystallites. The
crystallite size effect is explained in terms of the lower surface energy of the tetragonal phase
(770 erglcm?) compared to that of rather stable monoclinic phase (1130 erg/cm?), which
compensates for the chemical free energy [187]. FWHM of the dominant monoclinic peak at

24° is obtained to be ~ 0.45 degree while the crystallite size is in the range 18.5 to 19.5 nm.

For ND film (S-6), XRD peaks were observed at 20 = 27.6° 33.7 °, 35.2 ° and 44.6 °
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corresponding to the monoclinic phase with directions m (-111), m (002), m (200), and m
(112) respectively. The peaks shift to lower 20 value, which may be the result of compressive
residual stress. ND film depicts preferential growth in m (-111) directions. For such film,
energetic ad-atoms strike on substrate vertically and cause the greatest vertical growth of
m (-111) reflection planes. It can be noted that the peak at m (-111) is asymmetric and
extended towards higher 260 values. This may be due to the merging of small peaks of t (101)
and m (111) with intense peak of m (-111). It can hence be inferred that the ND and
GLAD films show different preferential crystal growth directions with the presence of

tetragonal phase.

5.1.3.2. Surface and cross-sectional morphological properties

Surface morphology of ZrO; films was investigated by AFM in tapping mode using DLC tip.
DLC tip offers high resistance to abrasion and changes in its geometry caused by
measurements due to its high hardness, adding accuracy and consistency to the measurement.
For quantitative analysis of surfaces of such films, one dimensional height-height correlation
function (HHCF) has been computed from AFM measurements using following formulations
[131, 189]:

N N-m

H(rx) N(N m) IZ: - (Zn+m,l _Zn,l)

(5.1)

Here m = r,/Ax. The HHCF function thus can be evaluated in a discrete set of ry value
separated by sampling interval Ax. In the above formulation, scan data points have been
taken equal in x and y direction. HHCF prominently describes the grain structure in thin
films. To get the useful surface parameters, we have fitted the measured function with

calculated one for self affine surfaces using following Gaussian function [190]:

H(r) = 202 L-exp(~(r/ &)%) 62)

111



Where ¢ is RMS roughness or often termed as interfacial width and describes the fluctuations
of heights around the mean plane. Exponent ‘o’ is “Herst” or roughness exponent. It
describes grain morphology and depicts the wiggliness of the local slope on the surface.

Higher value of « (< 1) implies less high frequency contribution to line edge roughness [191]

Table 5.1: Morphological parameters and film thickness estimated from AFM and FESEM
measurements.

Sample AFM RMS Correlation length Roughness Film thickness
name roughness (nm) © (nm) exponent (o) | g0 FESEM (nm)
S-1 46+0.1 21.8+0.6 0.86 = 0.06 160+ 1
S-2 44+0.1 215204 0.94 +£0.05 129+ 1
S-3 5.0+£0.1 21.3+05 0.93+0.06 128+ 1
S-4 51+0.1 20404 0.97 £0.03 136 £ 1
S-5 5.0+£0.1 189+05 0.94 +£0.05 140+ 1
S-6 10+0.1 16.5 + 0.05 0.90+£0.01 176 £ 1

or smoother line edge. The parameter, ¢ is lateral correlation length and it describes the
largest distance in which the height is still correlated over the surface. Fig. 5.2 (a) shows the
measured HHCF functions for all the ZrO; films. Higher counts of HHCF stand for higher
surface roughness. It can be noted that for all the GLAD films, counts of HHCF are close to
each other whereas for ND film, HHCF value is relatively lower. Fig. 5.2 (b) shows the
measured and fitted HHCF curves for a representative of ZrO, films, S-1. The parameters
derived from the fitting are listed in Table 5.1. RMS roughness (o) for GLAD ZrO; films
varies between 4.4 and 5.1 nm and there is no significant influence of parameter, ® on
roughness. The value of ¢ for ND film is 1 nm which is 4 to 5 times lower than that of GLAD
films. Such behavior of roughness for GLAD and ND films can be explained in terms of re-

emission of ad-atoms and atomic shadowing [137, 189] which the two main factors are
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Fig. 5.2 (a): Measured height-height correlation function for all the ZrO, thin films. (b).
measured and fitted height-height correlation function for film, S-7 (GLAD, w=0.5 rpm).

contributing to the surface roughness of thin films. The sticking coefficient of ad-atoms for
the ND film in the present case is highest which is attributed to lower re-emission of ad-
atoms leading to lower smoothing effect [137, 189]. Roughening effects due to atomic
shadowing are negligible for ND film. Collectively, both these effects do not contribute to the
roughening significantly and smooth surface grows. On the other hand, atomic shadowing for
GLAD films is prominent giving rise to high roughening effects. However, smoothing effect

also increases due to the increase in re-emission caused by decrease in sticking coefficient,
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the combined effect leads to the effective roughening of the surfaces of GLAD films.
Variation of correlation length, & which is the measure of surface grain size, with respect to
substrate rotation, ®, is shown in Fig. 5.3. Correlation length, & decreases gradually with the
increase in o leading to the inference that average grain size decreases with w. AFM images
of thin films S-1, S-3, and S-4 (as shown in Fig. 5.4) also corroborate the decrease in grain
size with the increase in ®. Fig. 5.4, which includes the zoomed 3D images, depicts a
transition from non-circular grains having irregular shape to circular grains. AFM surface
morphologies also show that the void fraction increases with the increase in ® for GLAD
films. It can be inferred that nano columns get finer and circular with the increase in ®. The
value of roughness exponent « is listed in Table 5.1 and it remains almost unchanged with ®
except for sample, S-1 (GLAD, 0.5 rpm). Value of a for S-1 is 0.86, which is the lowest
among all the GLAD films. It signifies the relatively wigglier surface for S-1 (grains possess
sharp edges). The wiggly surface for S-1 and S-6 (ND) can also be seen from Fig. 5.4. AFM
image of GLAD films other than S-1 depict a smooth variation at grain boundaries. Higher
grain density present in the films S-1 and S-6 is responsible for higher wiggly surface (lower
a value). FESEM cross-sectional morphology of all the ZrO, films is shown in Fig. 5.5. It can
be seen that GLAD films depict a porous erect columnar structure which is caused by
ballistic atomic shadowing during the growth of the films. However columns are not distinct
and are merged due to the energetic deposition process. Thickness of the films has also been

measured from cross-sectional morphological images and is listed in Table 5.1.

5.1.3.3. Optical properties
Optical properties of ZrO, thin films have been estimated from ellipsometric measurements.

Principle of ellipsometry is already discussed in section 2.2.5.2 of chapter 2.
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Fig. 5.3: Plot of variation of correlation length for GLAD ZrO, thin films with substrate

rotation (w).

In rotating polarizer type ellipsometry, the time dependent signal, I(t) at each wavelength is
described by the general formula [192] :
I(t) =1,(0+acos@rt) + Ssin(2nt)) (5.3)
Where 7 is the rotational frequency of the polarizer and o and £ are the normalized Fourier
coefficients with which the ellipsometric parameters w and A (already discussed in chapter 2)

are related through following expression:

e tan’y —tan® A
tany +tan® A

B 2tany cosAtan A
' tan’y +tan® A

(5.4)

Here A is the angle of analyzer. Even though w and A are physically more meaningful
ellipsometric parameters, the more directly obtained ellipsometric parameters o and g (at
analyser angle of 45°) have been used for present analysis.

It is well known that thin films deposited by physical vapor deposition contain voids. The

fraction of voids in the films depends on deposition technique and process parameters.
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Fig. 5.4 (a, b, ¢, d): 2-D AFM images of GLAD and ND ZrO, thin film. Zoomed 3-D
morphology has also been shown in the right of Fig. 5.4 to highlight grain geometry.
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Fig. 5.5: FESEM cross-sectional images of GLAD and ND ZrO, thin films.

Magnetron sputtering is an energetic deposition technique and the films grown by it have
dense microstructure having low fraction of voids [193]. However, in the present study of
sputtered ZrO, films grown in GLAD configuration, the void fraction is significant due to
atomic shadowing effects for ad-atoms. Considering the porous nature of such films, each
film has been modeled as two layers of ZrO, consisting different void and material
component fractions. Both the layers have been assumed to follow the same dispersion
relation for refractive index. Top layer (surface) being in direct contact with air is more
porous. The thickness of top layer in the model ranges from 17-22 nm. The underlying layer
is modeled as a bulk layer having homogeneous mixture of ZrO, and voids, where different

samples have different fractions of material to void ratios. The model layer structure for
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Fig. 5.6 (a), (b): Measured and fitted ellipsometric spectra of parameters, a (45°) and [
(45°) for film, S-1(GLAD, w=0.5 rpm) and S-6 (ND). In inset, model layer structures are
shown.

representative ZrO, thin films, S-1 and S-6, are shown in inset of Fig. 5.6 (a) and (b)
respectively. The porosity in the bulk layer is small even in GLAD configuration [194] for
films deposited by sputtering in contrast to EB deposited films at the same angle. Hence,
such films have been assumed optically isotropic for ellipsometric modeling. The effective
refractive index has been determined using Bruggman effective medium approximation
[195]. Cody-Lorentz dispersion model [196] which is an improved version of Tauc-Lorentz
dispersion formulation [164] was used for ZrO, material component in all the layer
structures.

Taking initial trial values of layer thicknesses, void fraction and model fitting
parameters, the measured ellipsometric spectra were fitted by minimizing root mean squared
value (RMSE) between measured and theoretically generated ellipsometric parameters o, (45°)

and [} (45°) as follows [194]:
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RMSE = [{1/ (2N - P)}ZiN {(afxp (45°) — o™ (45°))° + (B (45°) — B™ (45°))? }]}/2 (5.5)
Where N is the number of data points and P is the number of fitting parameters. In Fig. 5.6
(@) and (b), experimental and fitted curves of o (45°) and B (45°) are shown. Theoretical
curves fit very well with measured curves, which justifies the selection of Cody-Lorentz
dispersion relation and correctness of chosen layer structures. All the films except S-6 (ND)
have been modeled using 2-layer structure. The film, S-6 has a dense micro-structure with a
low void fraction and hence the ellipsometric curves fits very well with only a single layer
structure. Derived film thickness, refractive index of each layer, effective refractive index and
extinction coefficient from ellipsometric analysis for ZrO, thin films are listed in Table 5.2. It
can be noted that thickness values obtained from ellipsometric analysis are consistent with
the values obtained from FESEM measurements. This also justifies the methodology used for
analysis of ellipsometric measurements. Dispersive values of effective refractive index of all
the ZrO, films are plotted in Fig. 5.7 (a). The film, S-6 (ND) shows greater refractive index
(2.178) compared to the GLAD films (1.901-2.011). The similar values of refractive index
for magnetron sputtered normally deposited ZrO, thin films have also been reported in
literature [197-199]. The lowering in refractive index of GLAD films is the attribute of
prominent atomic shadowing effects which introduces porosity in the films. As can be noted
from Table 5.2, the least difference of refractive index between GLAD and ND film is 0.167
which is smaller compared to GLAD films deposited by EB evaporation under similar
deposition angle configuration [189]. This can be understood in terms of ad-atom energy and
of the voids. These results in lower porosity in sputtered GLAD films compared to thermal
evaporated GLAD films deposited at the same angle. Effective rate of deposition was
calculated from measured post deposition film thickness and deposition time. The rate of
deposition for ND film is 2.06 A/s whereas for GLAD films, it lies between 0.64 and 0.74

AJs as listed in Table 5.2. Such abrupt reduction in deposition rate for GLAD films is also
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Fig. 5.7 (a): Dispersive curves of effective refractive index of all the ZrO,.
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Fig. 5.7 (b): Variation of effective refractive index with substrate rotation (w) for GLAD
ZrO; films.

supported by earlier reported results [3, 4]. The lower deposition rate for GLAD films is
attributed to the reduction in sticking coefficient due to high incident angle of ad-atoms on
the substrate [189]. Deposition rate for GLAD films increases monotonically with the
increase in ® (0.50 - 4.0 rpm), suggesting that column length increases with . Hence the
columns get finer with the increase in ®. Consequently, void fraction increases with

increasing .
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Table 5.2: Optical constants and layer structure of GLAD and ND ZrO, thin films derived
from ellipsometric measurements.
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5 5 2 | 8 | 3 S 2
S-1 0.5 2.034 | 1.807 | 148.1 | 17.0 | 165.1 | 2.011 | 1.0x10° | 0.64
S-2 1.0 2.032 | 1.815 | 108.0 | 20.6 | 128.6 | 1.998 | 1.8x10° | 0.67
S-3 15 2.014 | 1.791 | 108.0 | 22.0 | 130.0 | 1.976 | 2.6x10° | 0.67
S-4 3 1951 | 1.722 | 118.0 | 184 | 136.4 | 1.921 2x10° 0.71
S-5 4 1.944 | 1.659 | 1209 | 21.3 | 1422 | 1.901 | 2.7x10° | 0.74
S-6 Normal 2.178 nil 180.0 nil 180.0 | 2.178 | 3.3x10™* | 2.06

deposition

This is also corroborated by AFM morphology. There are earlier reports on effect of
parameter, o on columnar microstructure but most of them are for EB evaporation [200]. Fig.
5.7 (b) shows the variation of effective refractive index of GLAD ZrO, films with parameter,
o. Refractive index decreases from 2.011 to 1.901 with the increase in . This decrease again
can be attributed to the change in columnar micro-structure with the increase in . AFM
micro-graphs show an increase in voids with increasing ®, which supports the trend of
reduction in effective refractive index. Index varies relatively slower for higher rotation
speeds (> 3 rpm) implying that the evolution of columnar microstructure gets saturated for
higher values of w. It can also be noted from Table 5.2 that extinction coefficient (k@260nm)
for GLAD ZrO, films (~107) is one order higher than that of ND film (~10%). Higher k
values for GLAD films can be the result of higher scattering losses in UV region due to high
surface roughness. High contribution of light scattering towards k value for GLAD films has
been reported elsewhere [77, 138].
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5.1.3.4. Residual stress analysis

Residual stress in thin films can be measured by measuring the surface shape deformation of
the substrate which takes place after the coating. The radii of curvatures of the substrate are
measured before and after the coating to determine the change in curvature due to the
deposition. If R; and R, are radii of the substrate curvature before and after film deposition

respectively then residual stress in a thin film can be derived from Stoney’s equation [201] as

021[ E, J[ii](t_] 56)
6l1-v, \R, R )t

Where E; and vs are Young’s modulus and Poisson’s ratio of the substrate respectively and ts

follows:

and t; are thicknesses of substrate and film respectively. For the validity of Stoney’s formula,
thickness of the film should be much less than that of substrate (t; << t;). For present analysis
sign convention for compressive and tensile stress has been taken negative and positive
respectively. Surface profiles were obtained by the analysis of two beam interference fringes
formed between the substrate and an optical flat standard in a laser Fizeau interferometer
[202]. The complex surface shapes have been fitted to Zernike polynomial function [202] for
extracting the spherical shape component from the overall surface shape. The effective radius
of curvature of the substrate has been calculated from curvature profiles using the following

equation [203]:

25 +§ (5.7)

Here R is radius of substrate (circular) and s is the sag in the curvature profile. The surface
profiles of substrate before and after deposition of GLAD film are shown in Fig. 5.8. Changes
in surface profile after coatings are clearly visible. The value of Si (111) substrate parameters
for the calculation of stress are: Es=188 GPa [204], vs=0.28, and t;- 0.3 mm. ND ZrO; film

shows a high compressive stress of 5259 + 500 MPa whereas GLAD films exhibit relatively

much lower stress varying between -60 MPa to +184 MPa.
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ND film shows a continuous and dense microstructure with no visible columns as
observed from FESEM images presented in Fig. 5.5. High compressive stress in ND films
can be explained either by atomic peening [205-207] or ad-atom diffusion [205, 208-210].
Atomic peening governs the stresses where high energy incoming atom or particle strikes the
growing surface causing local atomic displacement and hence densification of films. Ad-atom
diffusion model assumes that excess ad-atoms get incorporated in grain boundaries leading to

higher densities than expected in equilibrium. However, these two methods of film
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Fig. 5.8 (a, b, ¢, d): Surface contours of Si substrate before and after deposition of GLAD
ZrO, films, S-1, S-2, S-4, and S-5 respectively.

densification are different. Ad-atom diffusion dominates at high substrate temperature under
high atomic mobility over surface while atomic peening dominates in case of high kinetic

energy of ad-atom. Densification of thin films leads to large compressive stress due to
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reduction in inter-atomic distance and/or defects at grain boundary [205, 211]. In present case,
we have not heated substrate and hence atomic peening process is mainly responsible for high
compressive stress in ND ZrO, film. For GLAD film, reduction in stress can be attributed to
the evolution of porous columnar microstructure caused by prominent atomic shadowing
effects. Inter-atomic distance between the atoms on the edges of columns which are facing
each other becomes comparable (or larger) than the equilibrium inter-atomic distance in
GLAD films. Tension is generated in the columns due to resulting inter-atomic attraction
between them. The variation of the estimated stress in the ZrO, GLAD films is shown in  Fig.
5.9. The film, S-1 with the least value of parameter ® depicts a compressive stress of -63
MPa and as the parameter, o increases further, stress switches from compressive to tensile
with gradually increasing magnitude. This variation can be explained in terms of variation of

inter-columnar distance in GLAD microstructure with ®. As described in section 1.3.3,
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Fig. 5.9: Plot of residual stress vs. substrate rotation (w) for GLAD ZrO; thin films.

columns get finer with the increase in ® and consequently, the average inter-columnar

distance increases, eventually becoming more than the equilibrium value. This increase in
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inter-columnar distance with the increase in o leads to the increase in tensile stress. However,
the sample S-5 (4 rpm) having the lowest packing density shows a lower tensile stress than
S-4 (3 rpm). This can be attributed to the decrease in the slope of inter-atomic attractive

forces with high inter-atomic separation [211, 212].

5.1.4. Conclusion

Several ZrO, thin films have been deposited at glancing angle of 82° at different substrate
rotations by RF magnetron sputtering. For comparison, ZrO, film has also been deposited at
normal angle of 0° Structural, morphological, optical and mechanical properties of ZrO,
films have been studied extensively. GLAD films depict preferential structural growth in
monoclinic phase with (110) direction whereas ND film depicts a strong preferential growth
in m (-111) direction. Preferential growth in different directions has been attributed to
different angle of deposition for GLAD and ND ZrO; films. GIXRD spectra of ZrO, films
also display tetragonal peak with t (11-1) direction. Fine nanocrystalline structure is
responsible for the occurrence of room temperature tetragonal phase. Geometrical grain size
(correlation length) decreases with the increase in substrate rotation for GLAD films. AFM
images show an evolution of surface grain from non-circular to circular shape with increased
voids with the increase in substrate rotation. 3-D AFM images indicate that nano-columns get
more cylindrical and finer with substrate rotation. GLAD films exhibit lower refractive index
as compared to ND ZrO, film. The refractive index lowering is the result of increased
porosity due prominent atomic shadowing at glancing angles. High porosity in GLAD ZrO,
films is corroborated by FESEM cross-sectional and AFM images. GLAD films show lower
rate of deposition compared to ND film due to the reduction in sticking coefficient of ad-
atoms at glancing angle. Further, deposition rate for GLAD films increases with substrate
rotation. The trend of increasing deposition rate implies an increase in column length and
decrease in column diameter with substrate rotation. Further, effective refractive index of
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GLAD ZrO; films manifests decreasing trend with increasing substrate rotation. This trend
has been attributed to the variation in columnar microstructure with substrate rotation. Both,
variation of rate of deposition and effective refractive index are corroborated by film
morphologies measured by AFM. Residual stress in the films switches from compressive to
tensile as the angle of deposition changes from 0° to 82°. ND film possesses high compressive
stress of 5259 MPa whereas stress for GLAD films lies between -60 to 184 MPa. High
compressive stress of ND film is the attribute of atomic peening which leads to densification
of the film. Variation of stress for GLAD films with substrate rotation has been explained
from the dependency of stress on inter-atomic distance in attractive region of inter-atomic
forces. This study could be useful in the development of interference based multilayer

devices and other technologies by GLAD.

5.2. Glancing Angle Deposition of ZrO, thin films by EB
Evaporation

5.2.1. Introduction

In this part, ZrO, thin films have been deposited on fused silica substrate by EB evaporation
in normal as well as GLAD configuration. Since GLAD films are highly porous, the
environmental/mechanical stability of optical devices utilizing such film is of great concern.
For the assessment of such stabilities, estimation of elastic properties (indentation modulus)
which are related to thermal stresses in thin films, are of great importance. The Indentation
elastic modulus of thin films, which differs significantly from those of the bulk materials due
to the interfaces, microstructure, and the underlying substrates and also affected by the
process parameters and the deposition technique, has been estimated from contact resonance

spectra achieved through AFAM [88] measurement. Along with that the optical and
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morphological properties of both the films are characterized in order to show the substantial

difference between two films.

5.2.2. Experimental Details

For the present experiment, thin films of ZrO, have been deposited on fused silica substrate at
200°C by reactive EB deposition technique. The films have been deposited at two deposition
angles: 0=0° and 0=82°. The deposition angle a is defined as the angle subtended between the
substrate normal and the incident vapour flux. Different value of a is achieved by tilting the
substrate, whereas the incoming vapour direction is held fixed. The total working pressure
during both the deposition was kept at 1x10™ mbar. The rate of deposition is monitored and
controlled by quartz crystal monitors and in both cases deposition rate has been kept 5A/sec.
The optical constants of the film were determined by analysis of transmission spectra
measured using UV-VIS-NIR spectrophotometer [72]. Since, scattering is an important factor
regarding these films application in optical devices; therefore one must have an idea about the
roughness of the films. Surface morphology as well as roughness of the films was estimated
using AFM in Semi-Contact mode. The quantitative elastic properties in terms of indentation

modulus films have been determined using AFAM.

5.2.3. Results and Discussion

5.2.3.1. Determination of Optical Constants

Using the Tauc-Lorentz dispersion model along with Urbach tail [213] modification
transmission of the thin film has been generated theoretically and is fitted with the measured
transmission spectra as shown in Fig. 5.10 for ZrO, thin films. From fitting analysis, the
parameters of the dispersion model and the thickness of the film have been determined.
Finally fitting parameters have been used to determine the refractive index (n) of the films.

The thickness and refractive index of the films obtained as above have been listed in  Table
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5.3. The spectroscopic values of refractive index for both the films are plotted in the inset plot
of Fig. 5.10. The refractive index@550 nm for GLAD ZrO, film is 1.40 while for normal
deposited film is 2.01. Such a low refractive index value obtained for GLAD film confirms
the high porosity in film due to ballistic shadowing of columns during film growth. Using the
experimentally determined refractive index value and standard refractive index value for bulk
ZrO, [214] porosity in the samples has been calculated using Bruggeman effective medium

approximation (EMA) [215].

Table 5.3: Quantitatively estimated optical and morphological parameters of normal and
oblique angle deposited ZrO; thin films.

ZrO, deposition Refractive Film Film RMS surface Grain
configuration index porosity thickness roughness size
(nm) (nm) (nm)
GLAD (82°) 1.40+£0.01 | 0.64+£0.01 524.7+1 8.9 168 + 18
Normal (0°) 201 £0.01 | 0.11+0.01 371+£0.8 1.2 75%10

Obviously, from Table 5.3, the porosity in GLAD film is 6 fold higher than that of
normal deposited film. Transmission spectra for GLAD film shows an antireflection effect
(T=94% or more) for wavelength greater than 600 nm. This is the consequence of lower
refractive of such films compared to fused silica. But there is a significant decrease in
transmission (for GLAD film) below wavelength 500 nm. This may be the result of increased
scattering and absorption losses. In GLAD films, column size is significantly high and
becomes of order of wavelength of light. Increase in absorption may be due to multi-
reflection of light between columns inside film. Fig. 5.11 (a) and (b) present 3-D surface
morphology of ND and GLAD ZrO; thin films respectively. The ND film depicts dense
surface (high grain density) morphology and small grains whereas surface of GLAD ZrO,
film is porous (lower grain density). Obviously a height variation on the surface of GLAD

film is approximately 5 fold higher than the ND ZrO, film. RMS roughness values for ND
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Fig. 5.10: Experimental and theoretical transmission curves & dispersive refractive indices
of normal and GLAD ZrO, thin films

Fig. 5.11: 3-D surface topography of (a). Normal and (b). GLAD ZrO, thin films.

and GLAD films are 1.2 and 8.9 nm respectively. Such a great difference in surface
morphology is the consequence of introduction of high porosity in oblique angle deposited
film due to modified (tilted columnar growth) growth mechanism. Average grain size and

RMS roughness as obtained from AFM measurements are listed in Table 5.3.

5.2.3.2. Determination of Indentation Modulus from AFAM Measurements
In AFAM, flexural resonant frequencies of AFM cantilever are measured. Detailed theory of

the measurement is discussed in refs. [59, 60, 92, 93, 95, 97, 216]. DLC coated Si tips
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(NSG_DLC10) with 1% free resonance frequency 213.5 kHz, has been chosen for its better
hardness and stability in tip geometry having indentation modulus of 590 + 20 GPa. The
spring constants of the cantilever was found to be 9.2 N/m using Sader analysis [107]. The
contact resonance spectra for Si (100) (reference sample) and ZrO, thin films have been
measured for the 1% (f;) and 2" (f,) flexural modes. For each sample, the contact-resonance

frequencies were measured for four different static normal loads.
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Fig. 5.12 (a): Plot of first contact resonance frequency with varying static load and (b)
Contact stiffness vs. Ly/L for oblique angle deposited ZrO; film.

Fig. 5.12 (a) shows measured 1% contact resonance spectra for GLAD film. This spectra
shows that the resonance frequency as well as the amplitude increase with increasing static
normal load, as expected from the theory of flexural vibrations and also ensures that
measurements are taken within elastic limit. Since, exact position of tip on cantilever is not
known, assuming a small range of this position, contact stiffness for both 1% and 2™ flexural
modes for Si (100) reference sample and both ZrO, films are plotted, and their intersection
corresponds to exact value of cantilever tip position (L1/L). The contact stiffness values for Si

(100) reference and ZrO, thin films are listed in Table 5.4.
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Plot of contact stiffness for GLAD film is shown in Fig. 5.12 (b). For all the samples, L1/L
was found to be 0.96. The indentation modus for GLAD ZrO2 film is 74 GPa which is much

lower than that of ND film (160GPa). This is due to high porosity in GLAD films.

Table 5.4: The parameters obtained from AFAM analysis.

Sample Name 1 fy Contact Indentation
(kHz) (kHz) Stiffness (N/m) Modulus (GPa)
GLAD ZrO, 939 2359 640 74+8
Normal 965 2610 983 160 £ 17
deposited ZrO,
Si (100) 966 2675 1000 165+ 17

The relative error in the measurement of indentation modulus is about 10%, which is due to

the uncertainties in tip geometry and dimensions.

5.2.4. Conclusion

ZrO, thin films have been deposited on fused silica substrate at angles 82° and 0°. Both the
films have been characterized by spectrophotometer, AFM and AFAM techniques. The
GLAD film shows high porosity with refractive index 1.40. Porous structure of GLAD film
again has been confirmed by AFM image which depicts a highly porous surface morphology
with bigger grains and high surface RMS roughness compared to normal angle deposited
film. Elastic modulii of indentation measured from AFAM were found to be 74 and 160 GPa
for GLAD and ND film respectively. Such a high decrease in indentation modulus for
oblique angle deposited films is the consequence of increased porosity due to tilted columnar
micro-structure. Such GLAD films have great potential in designing challenging optical

filters utilizing inhomogeneous layers or rugate structures.
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CHAPTER 6: OBLIQUE ANGLE
DEPOSITION OF SiO, THIN FILMS

6.1. Introduction

As discussed in preceding chapters, oblique angle deposition of thin films is being popular
and used to fabricate interference based optical devices, micro sensors, photonic crystals, and
rugate structures [1, 4, 82]. Recently, porous Silicon dioxide (SiO,) thin films fabricated
using oblique angle depositions have drawn attention for practical applications, such as
antireflection coatings humidity sensors, and microelectronic and photonics devices [37, 82].
SiO; thin films have excellent optical properties in UV, visible and near-infrared regions,
good adhesion, environmental stability and high laser damage threshold [217-219]. Such

properties depend on the deposition methods and process parameters.

In present work, SiO, single-layer thin films have been deposited at two oblique angles
by EB evaporation. Their optical constants have been derived from transmission
measurements through Tauc-Lorentz dispersion model. Surface morphology of such SiO;
thin films has been characterized to determine surface roughness and geometrical grain
structure. The properties of obliquely deposited SiO, films have also been compared with
normally deposited films. Finally, a broad band antireflection coating using oblique angle

deposited SiO, films have designed and fabricated on glass substrate.

6.2. Experimental Detail

Deposition of SiO, thin films were carried out in oblique angle configuration at 70° and 75°
at 200°C by EB evaporation. Base pressure prior to deposition was achieved to be 1x10°

mbar to remove contaminations from vacuum chamber. The rate of deposition was kept 4 A/s.
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Film thickness was in-situ measured and controlled by quartz crystal monitor (Inficon make).
Oxygen partial pressure inside the chamber was controlled by mass flow controller and kept
1x10™ mbar during deposition. Transmission spectra of thin films and coatings were
measured by spectrophotometer in the wavelength range of 300-1200 nm. Deposited thin

films were also characterized by AFM to investigate morphological properties.

6.3. Determination of refractive index through Tauc-Lorentz (TL)
dispersion model

Jellison and Modine [164] presented an explicit dispersion relation with meaningful
parameters for inter-band transition in amorphous materials, which is consistent with the
Kramers-Kronig relation. They considered Tauc joint density of states and Lorentz oscillator
model together to derive Tauc-Lorentz dispersion model and obtained following parametric
expression for the imaginary part of the dielectric constant of the material (&) as follows:
AE,I(E-E, Y

E>E
(E2-E>2 )2+F2E2}E

9

EorL = {

=0, E<E,q (6.1)
The expression for real part of dielectric constant has been obtained using Kramers-Kronig

relation [164]. Thus, in TL model proposed by Jellison and Modine, dispersion of optical

constants can be described by five parameters A, E, E, I" and &, (=) .

In present work, transmission spectra of single layers of obliquely deposited SiO, thin
films at deposition angle 70° and 75° were fitted using TL dispersion model and »* (chi)
square minimization [71, 72] was carried out to determine the best fit values of the fitting
parameters. From fitting parameters, spectroscopic refractive indices and thickness of
obliquely deposited SiO, thin films were derived. Optical constants (refractive index and

extinction coefficient) of glass substrate (BK7) were obtained by fitting transmission spectra
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of bare substrate using Cauchy’s dispersion relation [72] for accurate determination of

refractive index of SiO, thin films.

6.4. Results and Discussion

6.4.1. Dispersive refractive of single layer SiO, thin films

Dispersive refractive index and thickness of SiO; thin films deposited at 75°, 70° and 0° have
been derived from measured transmission curves of respective thin film. Fig. 6.1 (a) presents

the measured and fitted transmission curves of single layer SiO; thin film deposited at 70°.
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Fig. 6.1: Measured and fitted transmission curves of SiO, film deposited at 70°.

Dispersive refractive index of the films deposited at different angles is shown in Fig. 6.2.
SiO;, films deposited at angle 75°, 70° and 0° depict refractive index values of 1.15, 1.25 and
1.46 respectively at 600 nm. Lowering in refractive index of SiO, films deposited at oblique
angles is the result of porous columnar microstructure and the porosity increases as the angle
of deposition increases. Increase in porosity is the result of increase in atomic shadowing
with the increase in deposition angle. Consequently, refractive index decreases with the

increase in angle of deposition.
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Fig. 6.2: Dispersive refractive index of SiO, films deposited at different angles.

Table. 6.1: Estimated refractive index and surface statistical parameters of SiO, thin film.

Sample Refractive AFM RMS Film Average grain size
Name index@600nm roughness thickness (nm)
(nm) (nm)
SiO, (75°) 1.15+0.02 4.0 393+1 220 + 40
Si0O, (70°) 1.25+0.03 1.2 96 +4 120+ 10
Si0, (0°) 1.46 £ 0.03 1.2 400+ 4 100 £ 10

Finally in-situ quartz crystal monitor thickness readings were calibrated with post

deposition thickness derived from transmission spectra.

6.4.2. Surface morphology

In Fig. 6.3 (a) and (b), morphology of SiO, films deposited at 75° and 0° angle are shown. It
can be noted that roughness value (1.2 nm) and grain size (100-120 nm) for films deposited at
70° and 0° are similar. It indicates that there is no significant roughening of films up to the
deposition angle of 70° (less shadowing effects). However, Film deposited at 75° deposition

angle exhibits a 3-fold increase in RMS roughness and 2-fold increase in surface grain size.
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Fig. 6.3 (a). Surface morphology of SiO; film deposited at 75° and (b). 0°.

Higher roughness and bigger grains are due to dominant atomic shadowing at higher
deposition angles. Results of optical and morphological analysis of SiO, films are presented
in Table 6.1. Since films deposited at higher deposition angles show significantly high
roughness, they may not be useful in UV and VUV wavelength region due to high scattering

loses.

6.4.3. Design and fabrication of broadband antireflection coating

Antireflection coatings are routinely used in spectroscopic and laser experiments.
Conventionally, to obtain broadband antireflection coating, a non-quarter wave multilayer
design (several layers) of two or more optical thin films is required. Designs and theory of
such conventional anti-reflection coating is described in ref. [51] in detail. In Fig. 6.5 (b), a
24-layer design (12-layers on each side of the glass substrate) of broadband antireflection is
shown. Here band is limited and transmission is less than 98 % in the band. However with

more sophisticated designs, better results are possible.
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Fig. 6.4: Design of broad-band antireflection coating using oblique angle deposition of SiO,
layers.

It is well understood that reflection loses in optical components used for laser, optical
instruments and spectroscopic applications arise from interfaces. Higher refractive index
contrast of two materials at interface leads to higher reflection loses. In many applications,
such reflection loses are required to be the least. In present work, refractive index contrast of

materials at interfaces has been reduced by utilizing the oblique angles deposition of 2-layers

of SiO, thin films on both sides of glass.
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Fig. 6.5 (a). Measured transmission characteristics of broad-band anti-reflection coating
fabricated using oblique angle deposition of SiO, layers. (b). Theoretical transmission of a
conventional 24-layer (12-layers ZrO,/SiO, each side) broad-band antireflection coating.
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Fig. 6.6 (a). Measured contact angle (water) for bare BK7 glass substrate and (b). Coated
BK7 substrate with SiO; film deposited at angle 75°.

We have designed an antireflection coating at 850 nm with non-quarter wave thicknesses of
porous SiO; thin films as shown in Fig. 6.4. In Fig. 6.5 (a), spectral characteristic of final
device is shown. The device depicts an average transmission of 99.2% in the wavelength
range, 750 nm to 1200 nm. The peak transmission achieved is 99.8% around 900 nm. The
transmission spectra of final device have been simulated using multilayer software and it was
found that thicknesses of individual layers differ slightly from designed thicknesses. Such
deviation from design thicknesses is the result of uncertainties in deposition angle and
process parameters. As discussed above, conventional 12-layer antireflection designs results

small band with poor transmission. Antireflection region of present device can be tuned by
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changing the thickness of individual layers and antireflection effect could further be enhanced
by optimizing deposition angles and thicknesses for individual layers.

Contact angle measurements have also been performed on antireflection coating to assess its
wetting characteristic. Measured results are shown in Fig. 6.6 (a) and (b). Bare glass substrate
shows a contact angle of 59.5° + 0.5° while antireflection coating shows high wetting
character with contact angle 4.8° + 0.5°. Reduction in contact angle for coated substrate can
be attributed to random and high fluctuations of height with respect to a mean plane over the
surface (high roughness). Such hydrophilic coatings could be applied on glass encapsulation
of solar panels to increase input light by providing self-cleaning, reducing reflection loses and

reducing scattering loses due water droplets on glass.

6.5. Summary

Optical constants of SiO, thin films deposited at different deposition angles have been
determined using suitable computation and modeling. Optical constants and thickness
calibration of such films have been used to design and develop a broad-band antireflection
coating with two obliquely deposited layers at 70° and 75° on both sides of substrate.
Antireflection coating depicts more than 99.2 % transmission with a band of 450 nm. Such
coatings could also be applied to solar panel encapsulation to enhance their efficiency by

reducing reflection and scattering loses and self-cleaning of surface.
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CHAPTER 7: SUMMARY AND FUTURE
PROSPECTS

7.1. Summary

In this thesis, importance of oblique/glancing angle deposition to fabricate thin films with
tunable microstructure has been demonstrated. As discussed in chapter 1, tunable
microstructure is generally achieved by employing the variation in angle of deposition and
substrate rotation. Nucleation and film growth mechanism, theory, role of substrate motion
and angle of deposition and other factors affecting columnar microstructure in oblique angle
deposition are discussed. Background research work carried out, especially pertaining to
optics and photonics has been presented. Deposition techniques such as EB evaporation and
magnetron sputtering to fabricate oxide thin films in the present dissertation have been

described. Various characterization technique used are described.

In the present thesis, obliquely deposited HfO,, ZrO, and SiO; thin films have been studied.
Morphological, structural, optical, micro-structural, elastic and local structure properties of
such films have been investigated in detail. The major outcomes of the thesis are summarized
as below:

EB evaporated HfO, thin films deposited at different oblique angle exhibit porous tilted
columnar microstructure. The porosity is highest for film deposited at glancing angle (80°)
and it decreases as the angle of deposition decreases. The indentation modulus of HfO, film
is least with a value of 42 GPa for GLAD film and highest for normally deposited film with
value 221 GPa. Film density and indentation modulus depicts a similar variation (decreasing)
trend with angle of deposition. The decreasing indentation modulus of HfO, thin films is an

attribute of increase in porosity with angle of deposition. The GLAD film exhibits highest
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grain size and intrinsic RMS surface roughness. The intrinsic roughness and fractal spectral
strength follow the similar trend with deposition angle. Behaviour of surface morphological
parameters and refractive index with deposition angles have been explained by the combined
effect of atomic shadowing, re-emission of ad-atoms and diffusion of ad-atoms.

RF sputtered HfO, thin films have been deposited at two different glancing angle of
deposition of 82° and 86° and at four different targets to substrate distances visualizing 70
mm, 90 mm, 110 mm and 125 mm. The morphological, optical and structural properties of
the films have been investigated. The films show prominent nanostructures for an optimum
target-substrate distance (D+s) 110 mm with 82° angle of deposition. The grains are elliptical
in shape for lower D+s (70-90 mm) and become circular for higher Dts. The switching in the
shape of grain with D+s has been explained in terms of the variation in ad atom Kinetic energy.
The refractive index follows almost similar trend as that of deposition rate with Dys except at
110 mm target-substrate distance for which the film deposited at 82° exhibits lower refractive
index compared to that at 86°. At 86° angle and 110 mm target-substrate distance, the
formation of amorphous crystallographic structure is responsible for relatively higher index
compared to that at 82°. The films show polycrystalline monoclinic crystal structure. At
lower Drs values, the crystallinity has improved with the increase in deposition angle due to
the reduction in deposition rate which helps in organizing the atoms in more crystalline form.
However at higher distance (> 90 mm), the crystallinity has degraded with deposition angle
due to the lesser diffusion due to the enhanced shadowing effect at higher deposition angle.

Effect of substrate rotation on ZrO, thin films deposited at glancing angle of 82° by RF
magnetron sputtering has been investigated and their properties have been compared with that
of film deposited at angle of 0°. The GLAD ZrO, films depict preferential structural growth
in monoclinic phase with (110) direction whereas ND film depicts a strong preferential

growth in m (-111) direction. Preferential growth in different directions is attributed to
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different angle of deposition. Presence of t (11-1) phase of ZrO, in small fraction is also
confirmed which is due to fine nanocrystalline structure (crystallite size < 30 nm). The
geometrical grain size decreases with the increase in substrate rotation for GLAD films.
Shape of the surface grains changes from non-circular to circular with substrate rotation. 3-D
AFM images indicate that nano-columns get more cylindrical and finer with substrate
rotation. GLAD films exhibit lower refractive index and rate of deposition as compared to
ND ZrO, film. Prominent atomic shadowing and low sticking coefficient are responsible for
lowering in index and rate respectively. Further, deposition rate for GLAD films increases
with the increase in substrate rotation which implies an increase in column length and
decrease in diameter. Refractive index of GLAD ZrO, films shows a decreasing trend with
the increase in substrate rotation and the trend is the attribute of variation in columnar
microstructure with substrate rotation. Normally deposited film possesses high compressive
stress of 5259 MPa whereas stress for GLAD films lies between -60 to 184 MPa. High
compressive stress of ND film is the attribute of atomic peening which leads to densification
of the film. Residual stress in GLAD films switches from compressive to tensile with
substrate rotation and the variation of stress with substrate rotation is explained in terms of
variation of inter-atomic forces with inter-columnar distance.

EB evaporated ZrO, thin films at similar deposition angles 80° and 0° have also been
studied to investigate their elastic, morphological and optical properties. The film deposited
at 80° shows high porosity with refractive index 1.40. Porous structure of GLAD film has
been confirmed by surface morphology. Surface morphology of GLAD (80°) film contains
bigger grains and high surface RMS roughness compared to normal angle deposited film.
Measured elastic modulus of indentation was found to be 74 and 160 GPa for GLAD and
normally deposited film respectively. Such a high decrease in indentation modulus for

oblique angle deposited films is the consequence of increased porosity.
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Finally, obliquely deposited SiO, thin films have been used to design and fabricate a broad-
band antireflection coating. The Coating has been designed with two obliquely deposited
layers of SiO; films at 70° and 75° on both sides of BK7 glass substrate. Due to decrease in
refractive index contrast at interface in this multilayer device, transmission improves from 90 %
to 99.2 % in a wavelength band of ~ 450 nm. Moreover, this device displays an average
transmission of more than 98% in the wavelength region, 300nm to 1200 nm. Such coating
can be deposited on solar panel encapsulations to increase light input inside the panel. Such
coating having porous layers of SiO, film on top exhibits a contact angle of 4°-5° while for
bare glass, contact angle was measured to be around 60°. High wetting character of such
films can again enhance the efficiency of solar panel by rendering self-cleaning of surface

and reducing scattering loses due to water droplets on the surface.

7.2. Future Prospects

In future, effect of substrate temperature and deposition pressure could be explored for
oblique angle deposition of various optical thin films for further tuning of various properties.
Co-deposition/co-sputtering of two different materials in OAD configuration could also be
investigated for their gained advantages. More material such as Ta,Os, MgF,, Gd,03, TiO,
etc., would be examined in oblique angle configuration to assess their properties. Finally
oblique angle deposition of various optical coating materials will be used to achieve
continuous variation of refractive in a defined manner (rugate structure) across the thickness
of the coating. Such rugate structures of different materials and profile could be utilized to
fabricate challenging interference optical devices such as Raman notch filter, edge filter and
beam multiplexer for nuclear detectors and radiation dosimetry applications and laser isotope
separation experiments. OAD coatings would also be used to fabricate optical waveguides.
Laser induced damage resistance measurement of such obliquely deposited optical coating

would be carried out to assess the qualification for high power laser applications.
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