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Abstract

Recently, carbon nitride (CN,) has already emerged as a new material of
both fundamental and application interest. In particular application of protective
coatings on magnetic recording heads, CN, has potential to replace diamondlike
carbon (DLC) which has been widely employed. In this study, the -nitrogcn content
dependence of the structure and the mechanical properties of ion beam deposited
CN, films was investigated. Results showed that when the nitrogen content
increased from 0 to 22.8 at.%, a diamondlike-to-polymeric transition in the film
étructure occurred. Related to this structural change, a film with a higher N content
has lower electrical conductivity, lower hardness, lower damage threshold in a
scratch test, weaker adhesion to the silicon substrate, and mdy have higher
toughness or ductility as consequences. By controlling the level of N incorporation,
the electrical rconductivity of the film could lie in a suitable range to prevent from
failure in reading signals or dielectric bread down. The hardness of the film can also
be adjusted within the range of 24.3 - 11.7 GPa to suit various requirements for
surface pfotective of devices. Furthermore, CN, films with higher N content are less
brittle, consequently suppress the formation of debris, and prolong the lifetime of
the head. The friction of all the CN, films is as low as that of the hydrogenated
diamondlike carbon (DLC) films. Low friction favors the reduction of stiction,
which is the resistance against the rotation of the hard disk when it is just powered

and in contact with the head.
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In addition, the mechanical properties of hydrogenated DLC films prepared
by electron cyclotron resonance deposition and direct-ion-beam deposition were
measured by the nanoindenter, which.are currently used as protective coatings of
magnetic devices. Moreover, the hardness of various kinds of films, expected to
have great potential as protective coatings, were measured. They include CNy/TiN
multilayers, cubic boron nitride (c-BN), boron-silicon-nitrogen (B-Si-N), boron-

carbon-nitrogen (B-C-N) and boron-carbon-nitrogen-oxygen films (B-C-N-0O).
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Chapter 1. Introduction

1. Introduction

1.1  Protective overcoat on recording head

Protective overcoats on recording head sliders and hard-disks of computer
disk drives are essential for increasing their durability and reliability. This is
because the head and disk would slide against each other when the drive starts and
stops. Even the air bearing has been set up to lift the head slider during operation,
the two parts may collide occasionally. Collisions becomes more frequent as the
effective magnetic spacing (ems) is further reduced in order to achieve increasing
higher recording storage density in magnetic drives [1,2]. In general, the ems
includes flying height of the head slider from the disk (= 50 nm) and thickness of the

overcoats on the slider and the disk (= 20 nm) {3].

Nowadays, diamondl-ike carbon (DLC) has been widely employed as hard
surface coatings on magnetic recording heads and disks. However, new overcoat
materials with superior mechanical properties are desired f_or reducing the wear of
the two parts. New overcoats materials should have adjustable hardness for
, adopting various head slider and disk materials with different mechanical properties,
higher wear resistance, lower friction coefficient to reduce the stiction, appropriate
electrical insulation to insulate the head and disk, have great chemical inertia to

prevent the corrosion of the parts.

By Martin Y. M. Ng Page 1



Chapter 1. Introduction

1.2 History of carbon nitride

Extensive studies have been carried out in recent years, tempting to
synthesize a hypothetical f-phase carbon nitride ($-C3;Ny4) which is predicted to have
mechanical properties as good as those of diamond [4]. Therefore carbon nitride
(CN,) films are expected to have great potential to replace hydrogenated DLC for
surface protection of magnetic recording devices. Though for most of the samples
obtained to date, the N content and the hardness observed are below the predicted
values for the B-CsNy [5-16], however, CNy has already emerged as a new material

of both fundamental and application interest [17-19].

One problem of particular interest is to know how the structure and the
mechanical properties of CNy films depend on the N content such that their
properties can be adjusted to suit various requirements of the disk drives.
Nevertheless, in many reports, more than one preparation parameters other than the
N content were varied [20-22], so that the net influences coming from the change in
the N content are not readily to be separated. Furthermore, as reported by different
authors, the hardness of CNy films could be basically unchanged [23], or be reducéd
[24] when the N content increases, or could have a maximum value for the N
content at around 25 at.% [25], so that no consensus has been reached at tﬁis

moment,

1.3  Objectives

By Martin Y. M. Ng Page 2



Chapter 1. Introduction

The purpose of this study is to find out the relationship between the N
content, the structure and the mechanical properties of ion beam deposited CN,
films. The N content in films was controlled by adjusting the relative N,™ flux in
assist beam, with the intention of keeping all other preparation parameters
uﬁchanged. X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
absorption (FTIR) were employed to examine the film composition and structure.
Nanoindentation and nanoscratch tests were carried out to determine the hardness,
elastic modqlus, friction coefficient and damage threshold of the films. Micrographs
of the scratch tracks obtained using a scanning electron microscope (SEM) were
- studied to investigate the damage mechanisms in the scratch tests. In addition,

thermal stability of the films was observed.

To compare current coating materials on heads, the investigation includes the
mechanical properties of hydrogenated DLC films prepared by electron cyclotron
resonance deposition (ECR) and direct—ion-bearﬁ deposition (DBD), provided by
the SAE magnetics (H.K.) Ltd. (the Teaching Company Scheme partner) as
functions of preparation parameters including the flow rate of opération gas (CHy),
the substrate bias voltage for ECR, and the ion beam voltage for DBD. Moreover,
various hard-coating materials will be considered as protective overcoats on
recording heads and some data of the mechanical properties of the materials such as
CN,/TiN multilayers, cubic boron nitride (c-BN), boron-silicon-nitrogen {B-Si-N),
boron-carbon-nitrogen (B-C-N) and boron-carbon-nitrogen-oxygen films (B-C-N-

0) are also discussed.

By Martin Y. M. Ng Page 3



Chapter 2. Sample Preparation

2. Sample Preparation

Three different systems were used for sample preparation. A three-1on-gun
system at The Hong Kong Polytechnic University (HKPU) was used to preparé
diamondlike carbon (DLC), carbon nitrate (CNy), CN/TiN multilayers, cubic boron
nitride (¢-BN), boron-silicon-nitrogen (B-Si-N), boron-carbon-nitrogen (B-C-N) and
boron-carbon-nitrogen-oxygen films (B-C-N-O). An electron cyclotron resonance
(ECR) system and a direct-ion-beam deposition (DBD) system at SAE magnetics
(H.K) Ltd. (the Teaching Company Scheme partner) Were used to synthesize DLC
films. DLC films prepared at SAE are being used as protective overcoats on
magnetic recording heads in the production of SAE. The features of these systems

conditions of the films are described as follow.

2.1 Preparation systems

Three-ion-gun system at the HKPU

The three-ion-gun system at the HKPU is shown in Fig 2.1, which contains
two 3cm-filament-type Kaufman guns (fon Tech. 3-1500-100), denoted as Gun A
and B, and a 3cm-RF-actived Kaufman gun (Ion Tech. 3-1200-100) labeled as Gun
C. Gun 4 was flange mounted for sputtering the target [ or II. The targets are
mounted on the two opposite faces of a motor driven target holder, so they can be
sputtering alternatively. Gun B and C, one internally mounted and one fixed on the
top plate of the chamber, were used to assist the deposition with incident angles of

16° and 60° to the substrate normal respectively. Ar gas was admitted into Gun 4

By Martin Y. M. Ng : Page 4



Chapter 2. Sample Preparation

for generating an Ar' ion beam, while mixture of Ar and N, gases were admitted

into Gun B or Gun C to produce an Ar'/N;" ion beam.

stepper
motor

substrate
holder___. l l

7. substrate .

stainless steel
vacuum chamber

Baratron
gauge

T ) cold
“ cathode
gauge

to turbo-molecular:

pump
Gun C mounted at the
top plate of the chamber

-Figure 2.1 Three-dual-ion-gun deposition system at HKPU

The system was first evacuated to a background pressure < 2 x 10% Torr by a
turbo molecular pump (KYKY, FB1500, 1500 1/s) equipped with an oil rotary pump
(15 1/s) before pre-cleaning and deposition. The operation gases were fed into the
ion guns, with their flow rates being controlled steadily by using the mass flow

controllers (MKS Model 1259). The pressure in the stainless steel chamber was
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Chapter 2. Sample Preparation

monitored by a capacitance pressure transducer (MKS, 122A) in the range of 20 - 1

x 107 Torr and a cold cathode gauge tube (HPS, 941) in the high vacuum range.

Before deposition, Gun B or C, was first powered to produce an ton beam for
pre-cleaning. To start deposition, Gun 4 was energized to produce an Ar’ ion beam
(typically 1200 eV and 50 to 70 mA) to sputter a target (100 mm in diameter) or to

sputter two targets alternatively for preparing multilayered structures.

P-type (100) silicon wafers (25 mm x 16 mm) and fused quartz plates (25
mm x 7 mm) were used as substrates, and were mounte_d on a holder rotated with a
rate of 2.7 rpm to ensure uniform film thickness. The substrate holder was heated
by a resistive heater which can rise the substrate temperature (7%) in the range from

room temperature to 700°C.

Compared with other deposition methods, dual-ion-beam depos_;itidn is
flexible in controlling -the assist beam and current independently. Since the
discharge region is confined within the ion gun body, the substrate would not be
exposed to the radiation of the plasma. The assist beam energy can be risen to rather
high values without danger of producing uncontrollable discharge. Furthermore, the
operation pressure in the chamber is low (< 10™ Torr), such that contamination
from the ambient residue is reduced. In addition, the assist gun can be used to pre-

clean the substrate so as to improve the film adhesion.

By Martin Y. M. Ng Page 6



Chapter 2. Sample Preparation

ECR system at SAE masgnetics (H.K) Ltd.

In electron cyclotron resonance (ECR) system, microwave with frequency of
2.45 GHz was generated and directed through a dielectric quartz window into a
discharge chamber. In the discharge chamber, a magnetic field B is produced by an
external solenoid (Fig 2.2). For preparing DLC films, methane (CHy) was admitted
to the chamber. Electrons oscillated with the frequency of the microwave and
collided with the reactant gas molecules, such that the molecules were dissociated
and a plasma_was generated. The plasma was further confined by the B field. By
applying a negative DC voltage bias, the ions were extracted from the plasma and
accelerated towards the substrate. As a consequence, a DLC coating was then

deposited. The typical growth rate of DLC films.is about 14 nm min™.

In general,
the DLC films contain hydrogen. As the system was designed for mass production,

it can accommodate a wafer with diameter of 6 inches.

solenoid
araund the chamber

reactant gas o B field
—'———] -~
Ty -
- k.
. - -
microwave source ECR zone - -
- - - b
=TT _ =" substrate
- 1_‘.‘_|€_CT_'OI1 xxxxxx n cal
I _____._..;.-6--—;;"'"_—_ +ve ion -
e e — R
E field~" ™M@ ———-————. R D
______ —@“

-— ——
— _—
—_——

window —*

— ~
¥

reactant gas ~

Figure 2.2 Schematic diagram of the electron cyclotron resonance system
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Chapter 2. Sample Preparation

DBD system at SAE magnetics (H.K) Ltd.

In the direct-ion-beam deposition (DBD) system, the DLC overcoats were
fabricated on Si wafers 6 inches in diameter. After the chamber was pumped down-
to high_vacuum, CHj (= 60 scem) was fed into the ion source and used as carbon
source. The CH4 molecules was ionized by é hot filament, the ionized species were
extracted and accelerated to have beam energies varying in the range of 200 to 350
eV, and an ion current of about 360 mA. A hot filament neutralizer was mounted at
the exit of the gun to neutralize the ion beam. In general, DLC films produced by

this method contain certain amount of hydrogen.

reactant gas

(methane} substrate

iongun e :

chamber

Figure 2.3 Schematic diagram of direct-ion-beam deposition
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Chapter 2, Sample Preparation

2.2 Description of the samples

Series of DLC films, CN, films, CleTiN multilayers, cubic boron nitride
(c-BN), boron-silicon-nitrogen (B-Si-N), boron-carbon-nitrogen (B-C-N) and boron-
carbon-nitrogen-oxygen films (B-C-N-O) were deposited using the systems.
Studies in the DLC and CNy films are particularly emphasized. The preparation

conditions of the films were tabulated in Table 2.1 and 2.2 for the sake of clarity.

DLC and CN, films

DLC and CNy films (Table 2.1a) were grown by the three-ion-gun system.
The base pressure was ~ 2 x 10 Torr. Gun B was first perred to pre-clean the
substrate with an Ar* beam (600 eV and 54 mA) for 5 min. To start deposition, Gun
A was energized to sputter a graphite target (purity > 99.995%) with an Ar’ ion
beam (1200 eV and 70 mA) for the growing 120 min. For preparing DLC films, an
Ar" beam with 160 eV and 20 mA was generated by Gun B to bombard film |
surface. A DLC film without Ar’ assist was also prepared as reference. For
preparing CNy films, an Ar'/N," assist beam (160 eV and 20 mA) was used instead.
To generate the Ar'/N;" beam, a mixture of Ar and N, gases was admitted into Gun
B. The total flow rate ([Ar]+[Ni]) was fixed at 33.5 sccm, such that the ambient
pressure in the chamber was maintained at 8 x 10” Torr, while the fractional flow
rate N, denoted by [N2}/({Ar]+[N2]), was adjusted from O to 1, such that the relative
N;" flux in the assist beam was varied from 0 to 100%. It is noted that the low assist

beam energy of 160 eV was used in order to minimize the resputtering of the
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Chapter 2. Sample Preparation

deposits, and the low assist beam current of 20 mA was used for low level N
injection. Another separated series of CNx were also prepared with the assist beam
energy and current being varied as parameters, where a [N;)/([Ar]+[Nz]) gas ratio

was kept constant at 0.09 (Table 2.1b).

Sample : | N;flow rate | Arflow rate | [N2)/([Ar]+[Nz])
(sccm) {sccm)
CN,102 0 33.5 0
CN,109 3 30.5 ' 0.09
CN,110 6 27.5 0.18
CN,l111 9 24.5 0.27
CN,105 18 15.5 0.54
CN,108 27 6.5 0.81
CN,106 30 3.5 0.90
CN,103 33.5 0 1.00
CN, 112 | No 1on assist

Table 2.1a Preparation conditions of CN, and pure carbon films deposited at
various {N,;}/([Ar]+[N;]) in the assist beam. Assist beam energy and current =

160 eV and 20 mA.

Sample : | Beam Energy (eV) Beam current (mA)
CN,113 300 20 '
CN,114 90 20
CN, 115 90 10
CN,116 160 35

Table 2.1b Preparation conditions of CN, films deposited at assist beam energy and
current. gun. [N;}/([Ar]+[N,]) = 0.09
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Chapter 2. Sample Preparation

Other two series of DLC films were deposited on Si wafers by the ECR

system and- the direct ion beam system at the SAE Magnetics (H.K.) Ltd., with the

preparation conditions summarized in table 2.2 a and b.

Sample code: | CH,4flow (secm) negative bias voltage (eV)
SAE27 (§i6) 40 150
SAE22 (batch 9) 40 300
SAE23 (57) 40 450
SAE28 (510) 40 550
SAE30 (512 80 150
SAELI9 (batch 8) 80 300
SAE21 (batch 9) 80 450
SAE29 (59) 30 550

Table 2.2a Preparation conditions of DLC films deposited using the ECR system

Sample code: CH, flow Beam voltage Beam
(scem) (eV) current (mA)
‘SAE26 (V) 60 200 360
SAE24 (V3) 60 250 300
SAE33 (V4) 60 350 300
SAE31 (V2) 60 350 360
SAE34 (V1) 60 400 300
SAE25 (V1%) 70 200 360
SAE35 (V22) 80 200 360

Table 2.2b Preparation conditions of DLC films deposited using the DBD system

By Martin Y. M. Ng
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Chapter 2. Sample Preparation

Other films synthesized using the three-ion-gun system (at HKPU)

A series of CN/TiN multilayers was prepared using the three-gun-system.
A carbon (C) target and a titanium (i) target were mounted on two opposite faces
of the motor driven target holder. They were sputtered alternatively by the Ar* beam

from Gun A, with surface assist by an Ar'/N," ion beam from Gun C.

A series of B-Si-N films was deposited at 620 °C. Boron (B) and silicon (Si)
atoms were sputtered from a pure B disc (purity = 99.9%) partially covered by a Si
segment. The fraction of Si flux was controlled by varying the coverage of Si on
the target surface. Each sample has two layers. A buffer layer was deposited first,
with the assist beam energy set at a lower value. A top layer was tixen deposited
with the assist beam energy and current set at 450 eV and 25 mA respectively. With
low Si content, the top layer deposited contains high volume fraction of cubic boron

nitride (c-BN) phase.

A series of B-C-N films was syntﬁesized with the B target partially covered
by a C segment. For the films deposited at room temperature, conspicuous amount
oxygen was found in the films and thus the films was denoted as the B-C-N-O
films. For the films deposited at high temperature, the O content is greatly reduced,

and the films with low C content have high volume fraction of ¢-BN phase.

For each series of films, the preparation parameters of the three-ion-gun

system were listed in Table 2.3.

By Martin Y. M. Ng Page 12
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Chapter 3. Sample Characterization

3. Sample Characterization

In this chapter, the methods of characterizing the film structure,
electrical, mechanical and tribological properties will be given. | To
characterize the film structure, the film thickness was measured by an alpha-
step surface profiler, the crystallinity was examined by X-ray diffractometer,
the composition and chemical structure between the elements determined were
investigated using an X-ray photoelectron spectroscopy (XPS), the chemi;:al
bonds were examined using Fourier transform infrared absorption

spectroscopy (FTIR) and Raman scattering spectroscopy.

To characterize the film properties, the electrical conductivity (o) of the
films was measured. The mechanical and tribological properties of the films,
including the hardness (), elastic modulus (E) , friction coefficient (u) and
damage threshold (DT), were evaluated using a nanoindenter. In addition, for
studying the thermal stability of the films, the samples were annealed at
different temperatures using rapid thermal annealing (RTA), and the changes
of the electrical conductivity, mechanical and tribological properties were

observed.
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Chapter 3. Sample Characterization

3.1. Structural and compositional Analyses

Thickness measurements by Alpha-step surface profiler

A Tencor 500 alpha-step surface profiler was used to measure the film
thickness ¢£. The vertical displacement of a diamond stylus scanning across
film edge give a direct readout d. ¢is determined as (Fig. 3.1)

t=d+e
where e is the etching depth due to the substrate material being etched away by pre-

cleaning process.

substrate

The stylus scan across the edge of the films

Figure 3.1 Thickness measurement process

By Martin Y. M. Ng Page 15



Chapter 3. Sample Characterization

FTIR Analyses

A Nicolet’s, Magna-TR™ system 750 was used to investigate the IR
absorption spectra of the films, with wavenumber in the range of 400 to 4000
1

cm . Each spectrum was obtained by averaging the data of 32 identical

scans.

Si substrate

thin film
Aperture \

detector ] +

[ IR source

F 3

Figure 3.2 Schematic diagram of an IR absorption experiment

An absorption band occurs when the incident photon has an energy to
excite a vibrational mode of a chemical bonds [26]. Furthermore, the relative
intensities of the absorption bands can reflect the relative concentrations of the

bonds [27].

For IR measurements, films on Si wafer were used. The background
caused by the Si substrate (Fig.3.3) must therefore be subtracted so as to

obtain the net absorption spectrum of the film .

By Martin Y. M. Ng ' Page 16
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1.1 !

L0
u -
g
£ 09
S |
2 e
08 b two narrow absorption frequencies
- at 1010 & 600 cm'™!
0.7
I A s i3 I A 't 1 I A1 L 'l I L 'l A l i i L | 1 ;4 ' I vl L L '
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)
Fig. 3.3 IR absorption specirum of Si substrate shows it is IR transparency.
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Chapter 3. Sample Characterization

XPS Analysis

An XPS (Kratos Anatytical) with Mg Ko radiation with photon energy hv
of 1253.6 eV or Al K, 1486.7eV was used to determine the relative composition of
" the elements in films. An incident x-ray photon with energy s v knocks out an
electron from the inner shell of an atom, e.g. the K shell, whereas the kinetic
energy Ex of the emitted photoelectron was measured by an electron energy
arialyzer. The binding energy of the electron Eﬁ can thus be determined by the
relationship Ep = Av - Ex - dsp whereld)sp is the work function of the sample
stage which has already determined by calibration procedures. Therefore, the
elements in the film can -be identified by the corresponding characteristic

energies Eg.

Spectra of elements before and after surface cleaning by Ar' ions (4
keV,20mA) for 2 minutes were recorded. The clean process can reduce the surface
contamination after deposition. The areas of the spectra of different elements above

the Shirely background were used to determine the elemental composition of the

A/ fx
z:i Ai/f.' ’

film. As an example, the relative content Fy of an element X is Fy =
where the subscript i goes through all the elements contained in the film, 4;
and f; are the integration area of the spectrum and the corresponding sensitivity

factor of the ith element. The sensitivity factors of the elements involved in

this study are tabulated in Table 3.1.
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fc

SN

Jo

/B

Ssi

fTi

0.25

0.25

0.66

0.13

0.33

2.00

Table: 3.1 The XPS sensitivity factors of the elements

In addition, by investigating the shift of Ep, the chemical structures of

the elements can be studied in more detail.

3.2 Electrical Conductivity (c) measurements

The electrical conductivity (¢) of a film was determined by measuring

the resistance of the film deposited on insulating substrates (glass slide or

quartz). Two electrodes (silver paste) were made on top of the film with a

separation of 5 mm.

By Martin Y. M. Ng
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Chapter 3. Sample Characterization

3.3 Mechanical and tribological measurements

Nano-indentation

For measuring  and E, 2 nanoindenter (Nano Instruments Inc., Model Is)
was used in indentation mode. A 3-sided ]é’erkovich diamond tip is driven into the
thin film under the control of a computer, with a theoretical depth resolution of 0.04
nm and a load resolution of 50 nN, such that the displacement and load can be

acquired simultaneously to obtain a set of load, and unload curves.

An indentation is made on the film surface such that the hardness H of the
film is obtained as H = P/4, where P is the maximum load of the indentation, and A4
is the contact area between the tip and the film at the maximum load. A is function
of the contact depth A, Where h. is determined from the stiffness S of the unload

curve (Fig. 3.4) [29-32], and is equal to h. = Apgy - 0.75 Lina/S. Next the reduced

2
elastic modulus £, is determined by the formula: § = T—E xJA . Eis given by:
r

.Er= +

-1
1-w? 1=
Es Ei where v; and E; are the Poisson’s ratio and elastic

modulus of the indenter, ; is the Poisson’s ratio of the sample and is assumed to be

0.25. E;, elastic modulus of the sample, can thus be determined accordingly.

In the experiments, an array of indents were made, with two consecutive

indents separated 75 pum apart. Usually, ten identical indentations were made on

By Martin Y. M. Ng Page 20
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different positions on the surface of a film, and the data obtained are averaged to

give representative values of H and E.

1.4 -
1.2
1.0 +
Loading
2\ 08 |
E | :
2 Unloading
Q 06
—
04}
02 F .
R /‘Of hqﬁer . e :-'. l
0.0 ' | 1 \' | o ] X 1 ,
0 20 40 60 80 100

Displacement {nm)

Fig. 3.4 A typical load (L) -displacement (k) curve,

where S is stiffness of the sample, Au,, is the final depth of residual
hardness impression, A, is the contact depth and A, is the displacement at
the maximum load L,,...

The accuracy and reliability of the data of H and E rely considerably on the
correct calibration of the load frame compliance and the tip area function A(4.) [29].
Both calibrations was carried out by ourselves. With these calibrations, if the films

have thickness > 100 nm, the values of H and E measured at indentation depths

By Martin Y. M. Ng Page 2!
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normal load applied with a uniform rate

l Berkovich diamond tip
scratches in face-on direction

speed of scratch
=5pums’ total scratch length (500 pm ) at x-position

-

Specimen

Figure 3.5 Schematic diagram of ramping-load scratch experiment

3.4 Thermal annealing
A rapid thermal annealing furnace was used to anneal the samples. To carry
out the annealing process, the film was positioned in a graphite crucible placed
“inside a quartz tube 22 mm in diameter, which was then illuminated by six 1200 W
tungsten lamp, such that the pre-set annealing temperature is reached within 20
seconds. Each annealing process lasted for 1 hour. Nitrogen was admitted into the

quartz tube during annealing in order to protect the film from being oxidized.

By Martin Y. M. Ng Page 23



Chapter 4. Results and Discussions of CN, films

4. Results and Discussions of CN, Films

4.1 Thickness and coating rate

The thickness of dual-ion-beam deposited (DIBD) CN, films on (100) Si
wafers and quartz plates was determined to vary from 215 to 335 nm (after
corrections of the etching of the substrates by the pre-cleaning process, i.e. 129 nm
for quartz and 113 nm for Si), lying within a rather narrow range. The deposition
rate of the films on both kinds of substrates was typically around 2 nm min’! (Table
4.1). This value is much low comparéd with that of DLC films prepared by electron
cyclotron resonance (14 nm min"') and direct-ion beam deposition (10 nm min™).
However the lower deposition rate of DIBD CNj films allows the films thickness to
be controlled more accurately. Accurate control in thickness of the overcoats on
magnetic recording devices is important, because their thickness is in the range as

low as about 8 nm.
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Chapter 4. Results and Discussions of CN, films

N, = N Thickness Coating rate | T;
Sample : [No)/ (J[ArH+{N,]) | content (nm) (om min™) °C)
(at.%) onquartz onSi | onquartz onSi
CCNi112 No assist 0 241 249 2.01 2.08 | 929
CN,102 0 =0 249 238 2.08 1.98 119
CN,109 - 0.09 7.6 218 216 1.82 | 1.80 | 121
CN,110 0.18 12.0 231 215 1.93 1.79 121
CN,l111 0.27 13.3 241 235 2.01 1.96 122
CN,105 0.54 16.8 265 265 2.21 221 | 121
CN,108 0.81 20.3 289 325 2.41 2.71 126
CN,106 0.90 21.4 301 313 2.51 2.61 122
CN,103 1.00- 22.8 286 264 2.38 2.20 122

Table 4.1 _ﬁ*lz, N content, thickness, coating rate and 7, of the CN, films. The assist beam energy

and current was fixed at 160 ¢V and 20 mA.

4.2 Composition and structure of CN, ﬁlms

Film composition

The results before surface cleaning (Fig. 4.1a) show that when the fractional

flow rate of nitrogen, /N, = N2}/ ([Ar]*H N;]), admitted into gun B increases. The N

content in the films rises and the C content drops. Concurrently, the O content rises

gradually to about 10 at.%. After surface cleaning by an Ar’ beam (4 keV, 20 mA)

for three minutes, the O content is reduced to below 3 at.% (Fig. 4.1b), so the O

atoms are mainly located near the film surface and do not influence the film

properties. After removing the error due to the O content, the N content is found to

vary from 0 to 22.8 at.% (Fig. 4.1b and Table 4.1).

By Martin Y. M. Ng
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- ® Before surface cleaning
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Fig. 4.1a The relative contents C, N and O as a function of fi;
before surface cleaning
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Fig. 4.1b. The relative contents C, N and O as a function of fiN;
after surface cleaning
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Chapter 4. Results and Discussions of CN, films

Another series of CNy films was prepared, with ion beam energy and current
as parameters (Table 4.2). For this series, the fractional flow rate of nitrogen, fN,=
[N2JA[Ar]+[N;]), was maintained at 0.09. Less than 3 at. % éf oxygen was detected
after surface cleaning process and so does not influence the film properties. The N
content of the films determined after surface cleaning process was shown in Table

4.2.

Sample : Beam energy Beam current N content
(eV) (mA) (at. %)
CN,113 300 20 8.2
CN,114 90 20 7.2
CN,115 90 10 4.6
CN,116 160 35 10.3

Table 4.2 The N content of the CN, series deposited at /N, = 0.09, and different
beam energies and currents.

Consider samples CN113 and CN,114, both deposited at the same ion beam
current of 20 mA. The former is deposited with a higher beam energy of 300 eV,
more than 3 times of that of the latter (90 eV), but their N content are about the
same, indicating that the beam energy can only have very little influence on the N
content. However, for samples CN,114 and CN,115 deposited at the same ion beam
energy (90 eV), the former was prepared at a beam current of 20 mA, and has a N
content two times higher than that of CN,113, which was prepared at a beam current
of 10 mA. This result indicates that the magnitude of the ion beam current is rather

significant in determining the N content in the film. This conclusion can be justified
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further, by referring to the fact that sample CN,116 deposited at a highest ion beam

current, where a highest N content of 10.3 at.% is also detected.

Chemical structure

The XPS spectra of C ls (Fig. 4.2a) and N 1s (Fig. 4.2b) were investigated
in more detail to reveal the chemical structures of the elements in the films. The C:
15 spectra were resolved into two (C' and C?) components, and the N 1s spectra
were resolved into two (N° and N° ) components. Each component is composed of
70 % Lorentzian and 30 % Gaussian constituents. The peak energies, widths and the
relative fractions of the éomponents ‘obtaine.d before surface cleaning are tabulated
in Table 4.3 a, b and ¢, while those obtained after cleaning are tabulated in Table 4.4

a, b and c respectively.

Fig.4.2a and 4.2b show the spectrum of the C 15 electrons and the N 1s
electrons for the CNy films with various N content after surface cleaning process.
In tﬂe figures, the data point after subtracting the background are represented by tﬁe
dots. The dot lines represent the resolved components. Finally, the solid lines are
the sum of the resolved components. A little correction was made to shift the
spectra by smaller values within + 0.4eV, so as to adjust the peak energy of the C'
component to be 284.6 eV. The C' component is assumed to have peak energy at
284.6 eV, and thus is ascribed to the C 15 electrons from the C atoms in the graphite.
structure [36]. The C* component has higher peak energy at 285.8 eV (Table 4.3

and 4.4), possibly because the related C atoms are associated with some N [7,34-
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37). It is because a N atom i$ more electronegative than a C atom, so a N atom near
a C atom would cause the electron distribution to shift from C atom towards the N

atom, resulting in a higher binding energy of the C 1s electrons.

The C? and N* components are assumed to be related to the structure of
pyridine {(CsHsN), in which the C and N atoms are located at sp° sites of a six-
membered rind. The energies of the C 1s and N Is electrons in a pyridine
molecules are 28.5 and 398.8 eV respectively [38-40], and are close those of the C*
and N? components. In addition, it is believe that the film structure become more
polymerlike when more N atoms are incorporated into the films. As a consequence,
- the C2 component may contain contribution from the C 1s electrons associated with

the C=N bonds, which is found to have a C 1s peak 284.5 eV [41}].

A N3 component with peak energies around 399.9 eV was observed, which may be
associated with the N 1s electrons from the N=N structure analogous to that in a
PhN=PhN molecule was found to have N 1s electrons with a peak energy in the

range of 399.6 - 400.1 eV [40,42].

The possible formation of the N-related structures, including the pyridinelike
rings, C=N and N=N bonds as suggested by the XPS results, may give rise to the
polymerization of the structure of the CNx films. This structural change explains
the results of others some experiments described in the following sections, showing

that CNx films with higher N contents are more insulating, transparent and softer.
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N content
=22.8 at. %

: 20

1000 arbitrary counts

292 290 288 286 284 282
Binding energy (eV)

Fig. 4.2a XPS spectra of C 1s electrons for the CN, films with various N content
after surface cleaning,
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Fig. 4.2b XPS spectra of N 1s electrons for the CN, films with various N content
after surface cleaning.
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NE

Sample | N content C! C’ N? O
no. | @t%) | @) | @) | V) | V) | (V)
CN, 102 0 284.60 | 285.56 [ 400.63 | 398.89 | 532.20
CN, 109 7.6 284.60 | 285.89 [ 400.44 | 398.55 | 531.67
CN,110 12.0 284.60 | 286.00 | 40043 | 398.48 | 531.69
CN,105 16.8 284.60 | 285.69 | 399.95 | 398.34 | 531.58
CN,103 22.8 284.60 | 28593 | 399.28 | 398.15 | 531.61

Table 4.3a The peak energies of the components of the C 1s and N 1s spectra obtained before
surface cleaning

Sample | N content c! C? N’ N’ 0
no. (at. %) (eV) (eV) (eV) (eV) (eV)
CN102 0 1.57 1.63 2.00 247 322
CN,109 7.6 1.68 1.84 2.22 2.01 2.36
CN,110 12.0 1.70 1.73 2.45 1.97 2.46
CN,105 16.8 1.65 1.85 3.03 1.71 2.51
CN,103 22.8 1.73 1.57 2.90 1.34 2.62
Table 4.3b The widths of the components of the C 1s and N 1s spectra obtained before

surface cleaning

Sample | N content | C!
___no. (at. %) | (at%)
CN,102 0 73.0
CN, 109 7.6 71.9
CN,110 12.0 66.6
CN,105 16.8 53.1
CN,103 22.8 49.6

Table 4.3c The relative fractions of the components of the C 1s and N 1s spectra obtained before
surface cleaning

By Martin Y. M. Ng

Page 33



Chapter 4. Results and Discussions of CN, films

Sample | N content C! C? _ N? N’ 0
no. (at. %) (eV) (eV) | (eV) (eV) (eV)
CN,102 0 284.60 | 285.62 | 400.02 | 398.46 | 532.15
CN, 109 7.6 284.60 | 28574 | 400.23 | 39859 | 531.80
CN,110 12.0 284.60 | 285.75 | 399.68 | 398.33 | 531.88
CN,105 16.8 284.60 | 285.80 | 399.37 | 398.21 531.75
CN103 22.8 284.60 | 28591 | 400.19 | 39837 | 531.58

Table 4.42 The peak energies of the components of the C 15 and N 1s spectra obtained after
surface cleaning

‘CZ

Sample | N content c! N? N’ 0
no. (at. %) (eV) (eV) (eV) (V) (eV)
1 CN,102 0 1.68 1.59 2.71 1.64 3.22
CN,109 7.6 1.65 1.79 2.07 2.01 3.18
CN,110 12.0 1.71 1.89 - 2.87 1.54 3.25
CN,105 16.8 1.77 1.69 2.82 1.46 3.36
CN,103 22.8 1.87 2.06 2.28 2.00 3.01

Table 4.4b The widths of the components of the C 1s and N s spectra obtained after
surface cleaning

Sample | N content | C'
no. (at. %) | (at.%)
CN,102 0 79.7
CN,109 7.6 65.5
CN,110 12.0 60.1
CN,105 16.8 59.9
CN,103 22.8 50.5

(at.%) |

0.4

5.1

4.5

6.0

Table 4.4¢ The relative fractions of the components of the C 1s and N 15 spectra obtained after
surface cleaning
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C' C* N N’
Peak
energies 284.6 285.8 3984 3999
(eV) :
graphite ~ C=N structure sp2 N=
Explanation | structure and [41] and sp® structure structure
C=N structure structure [42] (40]
{43] [39]

Table 4.5 Summary in our results of peak energies of the components of C 15 and N 15 spectra.
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FTIR spectra

For the pure carbon films (deposited with and without Ar’ assist), three
absorption bands [, I and III, with maximum absorption at ~ 1560, 1300 and 700
cm’' respectively, are observed in Fig. 4.4. Bands I and III are attributed to the
vibrational modes of large graphitic domains constructed of sz bonds (1555 -
1575 cm™ and 706 cm’') [14,15). Band I also corresponds to the Raman G of
amorphous carbon (for graphitelike sp’) at 1550 cm’™ [14,15,44]. Band II can be
assigned to the smaller sp> domains (1360 cm’'), which position is consistent with
that of the Raman D peak of amorphous carbon (for disordered sp’) at 1360 cm’
{45]. Furthermore, the overall transmittance of the carbon film depssited without
surface assist is much higher than that of the carbon film with ion assist. To explain
this result, one refer to table 4.1. The temperature detected on the substrate T
during the dep;)sition of the carbon film deposited without ion assist (CNx112) is
92.9 °C, but that with ion assist (CN,102) is higher (119 °Cj. Since it has been
shown that higher temperature environment would enhance the formation of
graphitic structure [46] so one effect of using ion assist in preparing carbon film is
to rise T, and thus the sp2 fraction is increased. Accordingly, the IR transparency of
the film is reduced as a result. Another possible explanation is that the ion
bombardment could preferentially sputter removal the sp’ carbon leaving a graphite

rich network.

When the N is incorporated, the following features are observed. First, the

intensities of bands I, II and Il increase, possibly because the incorporated N atoms
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could replace some C atoms from the aromatic rings, such that the ring symmefry is
broken and the vibrational modes become IR active [14] . Second, the growth of
bands I could be related to the formation of more C=N bonds which are found to
have IR absorption band at 1530 cm™ (Table 4.6 [46]). Third, a band IV and a band
V grow, with maximum absorption at 2100 and 2000 cm' respectively. Similar
absorption bands were observed by other authors and were assigned to the stretching
modes of -N=C=N- groups [22,25,47] and C=N bonds [14,16,35,48]. If the
formation of these N-related bonds is really enhanced by the N incorporation, the
film structure would become more polyme‘rlike. A model of the structure of the CN
films as shown in Fig. 4.3 could be proposed. In the figure, some C rings and N-
containing rings, C=N bonds and C=N bonds are shown. In particular because a N
atorn has a chemical valence of three, so when it replaces a ‘C atom in a C ning, a
terminated site is produced to weaken the linkage between the aromatic clusters
[49,50]. In addition, a terminated site can also be found accompanied by the

formation of a C=N bond.

N N N Nl N N
| | l | l |
~ \C/C\ /C\C/N /C\C/C\C
I I | Ny

Fig 4.3 a-c Structure diagram of a completed sp’ cluster, a N-containing six-membered ring
and a ring with terminated bond -
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The polymerization of the film structure explains a lot of the experimental
facts observed in this study. Associated with the polymerization of the film
structure, first the optical band gap becomes wider. Second, the films are more IR
transparency (Fig. 4.4). For example, at 2500 cm’, the transmittance rises from
around 40 to about 100 % when the N content increaseé from 0 to 22.8 at.%. Third,
the weaker linkage between the sp” clusters and the polymerlike bonds reduce in the
electrical conductivity, hardness, elastic modulus and damage threshold in scratch

tests, and possible increase in ductility and toughness of the films.
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Fig. 4.4 FTIR spectra of the films as a function of the N content,
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IR absorption IR bands reported
Band bands (cm™') in the literature Assignments Ref.
(cm™)
I ~ 1560 1530 C=N 46

1555 graphitelike sp®> domains | 14

1575 graphitelike sp* domains | 15

I 1300 1300 C-N 51
1360 disordered sp2 domains 14

1370 disordered sp® domains 15

111 700 706 graphitelike sp” domains | 14
v 2100 2140 -N=C=N- 25
2105-2155 -N=C=N- 22

2155-2130 -N=C=N- 47

\% 2000 2170 C=N 36
2150 C=N 14

2000-2300 C=N 16

2190 C=N 48

Table 4.6 Peak positions of the IR absorption bands of the CN, films and some relevant
published data

4.3 Electrical conductivity

Fig. 4.5 shows the electrical conductivity o of the films as a function of N

content. Comparing the results of the two pure carbon films prepared with and

without Ar" ion assist, ¢ of the latter is 4 times lower. This is because the pure

carbon film prepared without ion assist contained more sp’ bonds and is more

diamondlike. The application of Ar" ion assist induces a larger fraction of graphitic

By Martin Y. M. Ng
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structure and so the value of o rises. The graphitization in the film structure is
possibly due to risen in T; caused by the bombardments of the Ar' ions (refer to

Table 4.1).

With increasing N content, o drops as a consequence. This is explained by

the polymerization of the film structure as indicated by the XPS and IR analyses.

100
[ pure Ar” assist
- .\
ol - . x
IE |
O
D o
Z 10}
= C
O [
— [~
2 |
=
5 without assist
= s
=
ol
O .\
— ||
< 1|
S 8
L F
U [ \
L L
. [ .\I
pure N," assist
0. I 1 L I 1 1 1 1 " 1

0 5 10 15 20 25
N content (at. %)

Fig. 4.5 Electrical conductivity of the films as a function of the N content.
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4.4 Hardness and elastic modulus

The hardness (H) and the elastic modulus (£) of the films were measured as
functions of indentation depth were calculated. The data of the sample CN, 109 (7.6
at.% N) is an example as follow. Fig.4.6 a and ¢ show the data of H of the film on
Si wafer and quartz respectively. It is found that & is insensitive to the indentation
depth, when the indentation depth is small. Therefore, the value of H at shaliow
indentatiops S0 are used to represent the true hardness of the film. However, H
drops when indentation depth increases further, because the substrate effect becomes
stronger. On the other hand, the dgta of E of the film on Si approach a constant
value of about 180 GPa, when the indentation depth reduces (Fig. 4.6 b), but those
of the film on quartz increases and lies below 150 GPa. It seems that the results of
E obtained from the films of different substrates not consistent. Si has an E of 180
GPa and this value is close to that of the fitm, so that the substrate effect is not
significant, if the indentation depth below 100 nm. Therefore, the measured value
of E for the film on Si wafer can be used to reflect that of the film. However, quartz
has a much smaller value of £ of 72 GPa, and so the substrate effect is much
stronger. Consequently, the value of E measured is expected to be lower than of the

film.
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Fig. 4.6 a-d The hardness and modulus of CN, 109 on Si and quartz vs. indentation depth

The H and E of films on Si and quartz substrates, obtained from averaging
 the results of ten or more shallow indentations (20- 30 nm), were plotted against the

N content in Fig 4.7a and 4.7b. The data for the films on Si and quartz are

_ o
represented by solid and open circles respectively. In addition, the error bars 7—*
H

reflect the divergence of the data, where o is standard deviation of data and n (= 10)

By Martin Y. M. Ng Page 43



Chapter 4. Results and Discussions of CN, films

is number of repetitive measurements. The H values of all the films measured on Si
(12.2 GPa) and quartz (9.5 GPa) are basically consistent. On the other hand, owing
to the difference in the elastic modulus, E of films on Si are higher than those on
quartz (Fig. 4.8). As explained above, the data of E measured for the film on Si are

closer to the true elastic modulus of the films.

28 . .
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N

Fig. 4.7a The hardness of the CN, films as a function of the N content
e : films on Si, o : films on quartz.
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Referring to Fig. 4.7 a and b, H and E of the pure carbon film deposited
without Ar” assist are equal to 28.1 GPa and 285 GPa. These values are so high
reflecting that the film should contain certain fraction of diamondlike sp’ structure.
The formation of the diamondlike structure is promoted by the energetic sputtered
species from the C target {52].

without assist

280 &

L inik Al § [ T

260

240

¢

with Ar™ assist

g b
o o
o o
L] I L) l LR l LELE] l LI I B |
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L
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Fig. 4.7b The elastic modulus of the CN, films as a function of the N content
e : films on Si, o : films on quartz.
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H and E of the pure carbon film deposited with Ar” assist drop slightly (24.3
GPa and 235 GPa respectively) indicating that induction of Ar’ ion assist reduces

the formation of sp° bonds, and so the film structure is more diamondlike.

With increasing N content, both  and £ drop monotonically to 11.7 GPa
and 165 GPa respec‘tiv.ely, when the N content increases from 0 to 22.8 at.%. Thisis
possibly because the addition of N atoms enhance the formation of N-containing
six-membered rings having graphitt—_:like characteristics, and suppress the formation
of sp3 bonds. Furthermore, according to the results of structure analyses, C-N, C=C,
C=N, -N=C=N- bonds could be formed, leading to a diamondlike-to-polymeric

structural transition, such that the films with higher N contents are softer.

Table 4.7 summaries most of the data of H published in recent years for the
sake of comparison. First, it is noted that most of the values of H of the carbon
films and CN, films reported by different authors lie in the range of 1 - 32 GPa
[22,25,52-55]. These data are basically consistent with that obtained in the present
study, except that the H data reported by Dekempeneer et al. [24] are extraordinary
high due to the lack of correction calibration of the area function of the diamond tip.
In addition, the trend that H drops with increasing N content in CN, films has been
observed by many authors [20,24,52,55,56], consistent with the conclusion of our

observations.
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Chapter 4. Results and Discussions of CN, films

Table 4.8 summariés the H and E of the CN, films on Si substrates deposited

at various ion beam energies and currents (at fixed Nz = 0.09). In particular, the

results of the /A are plotted against the N content in Fig. 4.8. One can see that both

H and E drop with increasing N content, consistent with the same trends shown in

Fig. 4.7 a and b. The variation of the N content is mainly due to the change in the

ion beam current. For example, the ion beam current used for preparing sample

CN114 is two times of that for preparing sample CN,113 (both with the same ion

beam energy), and as a consequence sample CN,114 contains as much higher N

content. On the other hand, the beam energy used for fabricating sample CN,113

(300 eV) is 3.3 times higher than that used for prepared sample CN,114 (90eV), but

the difference between their hardnesses is below 11 %.

Sample : | Beam energy | Beam current N content H E
(eV) (mA) (at. %) (GPa) (GPa)
CN,113 300 20 8.2 18.3 193.0
CNx109 160 20 7.6 19.0 197.6
CN,114 90 20 7.2 16.3 207.2
CN115 90 10 4.6 19.0 215.7
CNi116 160 35 10.3 15.3 199.3

Table 4.8 H and E of the CN, films on Si deposited at various ion beam energies and currents.
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Fig.4.8 f of the films on Si deposited at various ion beam energies and currents against the N content
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4.5 Nanoscratch tests

This section will present and discuss the results of the nanoscratch tests.
They include: (1) the friction coefficient p, (2) the damage threshold and the damage
mechanisms, and (3) the irreversible plastic wear of the films as functions of the N

contents.

Friction coefficient

Fig. 4.9 a to 4.9 i show the data of p obtained from constant load scratches
(with normal fixed load = 0.2, 0.4, 0.7 and 2.5 mN) and ramping load scratches
(with rates=6 and 150 uN s'l), for the films with 0 to 22.8 at.% N. In each figure,
the open circles represent the values of p obtained by the constant load scratches.
The corresponding total vertical displacements of the diamond tip (total depth) were
also labeled. The two curves corresponding to the lower andrhigher load ramping
scratches are shown. In general, the values of p obtained from three schemes are
consistent. First, u is not a constant, but increases faster when the diamond tip
ploughs into the film at shallow depths, and then becomes flatter as the penetration

depth rises.
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Fig. 4.9a p as a function of normal load of CN,112: pure carbon film deposited without ion assist.
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Fig. 4.9b p as a function of normal load of CN,102: pure film deposited with Ar* assist.
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Fig. 4.9d p as a function of normal load of CN,110: carbon nitride film with 12.0 at.% N content
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Fig 4.9e p as a function of normal load of CN,111: carbon nitride film with 13.3 at.% N content

0.6

05 F

Total depth :
27nm  39nm S55nm 121 nm

01+

U W T Y S | 1 2 PN T B B |

1 10
Load (mN)

0.0
0.1

Fig. 4.9f p as a function of normal load of CN,105: carbon nitride film with 16.8 at.% N content
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Fig. 4.9g p as a function of normal load of CN,108: carbon nitride film with 20.3 at.% N content
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Fig. 4.9 h p as a function of normal load of CN,106: carbon nitride film with 21.4 at.% N content
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Fig. 4.9i p as a function of normal load of CN,103: carbon nitride film with 22.8 at.% N content

This could be explained if the frictional force is composed of two
components. One is the chemical/physical sorption between the film surface and ther
diamond tip materials as they are in touch and slide with respect to each other
relatively, while the next one is due to the resistant force applied by the materials to

the tip, when the tip is driven to plough deep into the specimen.

Referring to the fact that it is not a constant in a scratch test, the values of it of
different films at a certain normal load can still be compared, e.g. 0.4 mN is selected
in Fig. 10. Results show that within the range of the error bars, y is basically
independent of the N content in the ﬁlms, and has a value of around 0.17, where the

corresponding penetration depth of the tip is in the range of 30 - 47 nm.
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Fig. 4.10 p measured at constant load = 0.4 mN vs. N content, where
the corresponding penetration depth of the tip is around 30 -47 nm.
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Damage mechanism

Fig. 4.11a shows the profile of the scratch track of the pure C film deposited
without Ar" assist (CNx112). The dotted line represents the original film surface
before the scratch. The profile during the scratch lies below that of the post scan,
because the former is produced under normal load and so includes the total
deformation of the film as well and the substrate. Furthermore, on the left of 4, the
_profile of the post scan is almost completely recovered to overlap with the original
surface after the normal load is removed. This indicates that the deformation of the
film/substrate during the scratch (on the left of A) is basically elastic. Starting from
point 4, the profiles of the scratch track and p remain smooth, but that of the post
scan is rather zigzag. This may implies that the film started to be damaged at point
A. As a consequence, the scratched surface becomes rough. One may then define
the normal load applied at point A to be the damage threshold (DT) of the film. it
has been reported that DT of a thin film is thickness dependent, but since the
thickness of the films in this study lies in a rather narrow range, so that the thickness
effect is negligible, and the data of DT obtained from different films can be directly
compared. The micrograph in Fig. 4.11a shows the features of the crack at the péint
of damage (point 4) on the sample CN,112. At this point, the fragments are still
attacked to the substrate rather firmly, indicating that the film adhesion to the
substrate is strong. This can be understood as the sputtered carbon species from the
target have rather high kinetic energies in the range between 10 - 100 eV, favoring

the formation of diamondlike sp’ bonds, and so very strong film adhesion is
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resulted. Furthermore, from the features of the propagation of the cracks, one infers
that the film is rather brittle.

For the pure carbon film CN,102 deposited with Ar* ion assist (Fig. 4.11b), a
point at which the film starts to crack is also observed in Fig. 4.11b. The DT of
CN,102 is lower than that of CN,112, possibly because the assist beam used in
preparing CN,102 heats up the film surface and hence less sp® bonds are formed
such that the film is less diamondlike (refer to section 4.1). This result is consistent
with the smaller hardness of the CN,102 observed. However, the film is damaged
with some underlying substrate material, and so the film adhesion is still rather
strong. Some debris was found, around the crack, showing that the film is still

rather brittle.

For N content > 12.0 at.% (Fig. 4.11 d-i), the films start to delaminate at
point 4. The diamond tip slides smoothly on the substrate surface with a friction
coefficient p ~ 0.3 until a point B 1s reached. Beyond B, p fluctuates rapidly,
indicating that the substrate has been damaged. Considering that delamination of a
surface coating is not allowed n applications, the load at point 4 is regarded as the
DT of the specimen. In addition, the load recorded at B is the defined as the
substrate damage threshold (SDT). The complete detachment of the film illustrates
that the film adhesion is relatively weak as N is incorporated. Furthermore, very
little debris is found, showing that the films are less brittle compared with the pure
carbon films, but could be tougher and more ductile. If one assumes that the

incorporation of N would hinder the generation of sp® bonds so as to reduce the
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diamondlike nature, and more linear bonds (e.g. C-N, C=C, C=N, -N=C=N.) are
formed such that the film structure is more polymerlike, then the above results on
the CN, films, including the appearance of lower D7, complete delamaination of the
film from substrates accompanied by a weaker film/substrate bonding, less

brittleness and possibly higher toughness and ductility are readily explained.
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Fig. 4.11a Scratch profiles and micrograph of CN,112: pure carbon
film deposited without Ar* assist
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Fig. 4.11b Scratch profiles and micrograph of CN,102: pure carbon
film deposited with Ar" assist
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Fig. 4.11¢ Scratch profiles and chrograph of CN,109: Carbon nitride
film with 7.6 at.% N content
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Fig. 4.11d Scratch profiles of CN,110: carbon nitride film with 12.0
at.% N content
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Fig. 4.11e Scratch profiles of CN;111: carbon nitride film with 13.3
at.% N content
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Fig.4.11f Scratch profiles and micrograph of CN,105: Carbon nitride
film with 16.8 at.% N content
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Fig. 4.11g Scratch profiles of CN,108: carbon nitride film with 20.3
at.% N content _
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Fig. 4.11h Scratch profiles of CN,106: carbon nitride film with 21.4
at.% N content
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Fig. 4.111 Scratch profiles and micrograph of CN,103: Carbon nitride
film with 22.8 at.% N content
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Fig 4.12 summarizes the trends of DT of the films against the N content.
When the N content varies from 0 to 22.8 at.%, DT drops from 7.8 to ~ 4 mN and
that of pure carbon without ion assist is 11.5mN, which is the highest among all of

the samples.
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Fig. 4.12 DT as a function of the N content
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With the drop in DT; DT falls farther behind SDT since SDT is more closely
related to the Si substrate. The drops in DT enlarges the difference SDT - DT (in
Fig. 4.13) from 0 to about 1.5 mN as the N content increases. Finally it is concluded
that: 1) both the pure carbon films, especially the one without assist, is more
diamondlike and brittle, 2) the incorporation of N causes the films to gradually

become polymeric progressively, tougher and more ductile.
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Fig 4.13 SDT-DT as a function of the N content
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Wear and recoverage

On the left of 4, namely the region before delimitation of the film occurs, the
profile of the post scan could lie below the original surface (Fig. 4.14). The
deviation is more pronounced with increasing N content, indicating that plastiﬁ wear
occurs since the beginning of a scratch, and is more seriously as more N is added.
For the carbon films, the profiles of the surface scan and po_sf scan almost overlap
with each other, showing that the wear are negligible for these ﬁlms, because they
contain rather high sp® fraction. The wear per unit normal load is defined as the
vertical displacement 4 of the film surface being scratched from the original film
surface, divided by the normal load L at a certain point (Fig. 4.14). The open
diamonds and the open circles in Fig. 4.15 represent the wear per unit normal load
h/L at point corresponding to a normal load of 3.01 mN (x-position = 100 pm), and
a normal load of 2.26 mN (x-position = 75 um) respectively. The A/L ratio basically
rises with increasing N content and has a maximum of 18 nm pN"!, showing that the
wear resistance of the CN films with higher N contents are lower, consistent with
the polymerization transition in the film structure.

L=2260r 3.0l mN

Original surface

Surface after scratch
Post scan by Berkovich diamond tip :

Surface during scratch

film RRRTRI SR

Fig. 4.14 Diagram showing the plastic wear of the film in a nanoscratch test.
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4.5 Thermal stability

As the flying height of the magnetic heads in the disk continuously reduces
(~ 50 nm) [3], collision between heads and disks could happen more frequent.
Collision may generate some locally heated regions: The thermal stability of the
pulse laser deposited (PLD) DLC were found to be not quit satisfactory, and would
be graphitized when they experienced temperature > 110 °C [46]. This experiment
was carried out to investigate whether the CNy films would have thermal stability
better than that of the DLC films, and so the advantage of using CN, film for

replacing DLC films in magnetic head protective coating could be justified.

After rapid thermal annealing process, the samples were heated up at various
temperatures between the room temperature (7},,) and 400 °C. Each annealing lasts
for one hour. Their properties were then characterized in order to evaluate their

thermal stability. Table 4.9 shows that their electrical conductivity (o) does not

change with the annealing temperature.

c G e Lo c o c o]
Sample N, y - 70°C | 120°C | 200°C | 250°C | 300°C | 350°C | 400°C
@'en”) | @'emh | (@'emH) | @) [ @) | @'em) | @' em) [ @ emh
CNkll12 | No 12.10 10.73 10.44 10.99 8.95 12.74 17.91 13.76
CN,102 0 47.27 34.1 62.75 | 65.37 77.82 | 65.91 61.28 40.57
CN109 | 0.09 | 29.09 40.77 | 29.12 33.98 | 40.77 3436 | 14.25 2.15
CN,110 | 0.18 | 30.06 3343 | 38.74 32.14 | 45.00 40.63 26.14 12.81
CN,111 | 0.27 | 21.17 - 30.76 | 26.64 | 24.42 26.64 13.41 3.21
CN105 | 0.54 1.52 - 1.76 1.49 1.56 1.41 1.37 0.86
CN,108 | 0.81 1.19 1.18 1.02 0.70 0.96 0.83 0.76 0.22
CN,106 | 0.90 0.45 - 0.37 0.45 0.43 0.50 0.43 0.30
CN,103 | 1.00 0.36 0.3 0.30 | 0.31 0.28 0.26 0.22 0.27

Table 4.9 The Electrical conductivity of the CN, films after annealing at various temperatures
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Fig 4.16 a-d . FTIR spectra of samples CN,112 (pure C film without ion assist), CN,109
(fi, = 0.09), CN,105, (fi, = 0.54) and CN,103 (f\; = 1) after annealing at various
temperatures
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Fig. 4.16 a-d show that the FTIR spectra of the films are basically not
changed by annealing temperatures in range of room temperature to 400 °C. In
particular, the results indicate the sample CN,105 and CN103 still contain some N
after annealing, because the absorption bands at 2100 ¢m™! and 2000 cm™ (associated

with the -N=C=N- and C=N bonds respectively) are still observed.

When the N content increases, although both A and E show higher thermal
stability of at higher annealing temperature (Fig. 4.17 a and b), however, the

magnitudes of H and E becomes smaller at the same time.

a5

 pure C film without ion assist
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Fig. 4.17 a Hardness of the pure carbon film and the CN, films as functions of annealing
temperature,
9 CN 112 (pure C film without ion as.sist), A : CN,109 (fN, = 0.09),
V: CNL105 (/N = 0.59), 0: CN,103 (fN, = 1).
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Fig. 4.17 b Elastic Modulus of the pure carbon film and the CN, films as functions of

annealing temperature.
®: CN,112 (pure C film without ion assist), A CN,109 (AN, = 0.09),
¥: CN,105 (/N = 0.54), 0: CN,103 (/N = 1).

Associated with the results in / and E, the fiiction coefficient p of the films
were measured as a function of annealing temperature. As shown in Fig.4.18, p of
the pure cafbon film (deposited without ion assist) lies between 0,14 and 0.21 for
annealing temperature < 300 °C, but rises considerably to 0.26 after annealing at 400
°C. This change seem to occur in consistent with drop of / and E, and is attributed
to the graphitization of the film structure. With increasing N coatent, one sees that
the rise in p after annealing at 400 °C is less obvious, possibly because the film
structure is less affected by annealing due to the higher thermal stability induced by

the incorporation of more N atoms.

.By Ma.[ﬁﬂ Y. M. Ng Page 78



Chapter 4. Results and Discussions of CN, films

0357
0.30 -
0.25 —
020

Q.15

010

005 |-

200

0.00.'—*“" ol a1

0 100 300 400
Annealing temperature (°C)
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5. Hydrogenated DLC films Prepared
by Electron Cyclotron Resonance
and Direct-ion-beam Deposition

Mechanical properties of hydrogenated DLC films synthesized using an
electron cyclotron resonance (ECR) system and a direct-ion-beam deposition (DID)
system at SAE magnetics (H.K) Ltd. will be reported in this chapter. DLC films
prepared by these two tecﬁniques are being used as be protective overcoats on

magnetic recording heads in SAE.

5.1 DLC films deposited by electron cyclotron resonance

The hardness (H) and elastic modulus (E) of the hydrogenated DLC films
deposited by ECR were listed in Table 5.1. For the convenience of discussion, H
was plotted as a function of negative bias voltage (Vae) in Fig. 5.1. For gas flow
rates of CHy = 40 and 80 sccm, H and E are quit stable when -150 < Vy.< -450eV.
Beyoﬁd - 450 eV, both H and E decrease with increasing the V4. One possible
‘reason is that the high negative bias voltage accelerates positively charged particles
to have high kinetic energies, which bombard and heat up the a deposit, enhancing

the sp” fraction to grow. As a consequence, the values of H and E drop.

The enhancerent of the formation of the graphitic sp® structure has been
observed for our dual-ion-beam deposited carbon films (in section 4.3) if an Ar"

assist beam is introduced, causing the substrate temperature to be risen from 90 to
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110 °C. It is observed that the structure laser deposited DLC experiences a
diamondlike-to-graphitic transition when the substrate temperature is increased to

above 110 °C [46].

Sample code: CH, flow Vi (V) | Hardness WModulus
(scem) (GPa) {GPa)
SAE27 (516) 40 -150 26.2 213.6
SAE22 (batch 9) 40 -300 26.6 220.2
SAE23 (57) 40 -450 25.3 201.6
SAE28 (510} 40 . =550 18.3 151.0
SAE30 (512) 80 -150 25.4 279.3
SAELY (batch §) 80 -300 27.6 226 .4
SAE21 (batch9) | - 80 -450 25.6 204.7
SAE29 (59) 80 -550 23.1 188.2

Table 5.1 Deposition conditions, hardness and elastic modulus of DLC films deposited by ECR

28
| n
26} = \A
[ A 80 sccm
—
34
c- 3
O uf
m 3 ~
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8 |
5 2+ :
a [CH,] = 40 scem
20 |
=
8}
n 1 " 1 1 ! i 1 A
2100 -200 -300 -400 -500 -600

V. (V)

Fig 5.1 Hardness of ECR deposited DLC films against the bias voltage
M: CH,; =40 scem and A :80 scom
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Fig. 5.2 shows a typical profile of p of the DLC films deposited by ECR
along the scratch. The features of the profile are similar to these of the ion-beam-
deposited CN films (refer to Fig. 4.9). In general, p obtained from the constant load
scratches (with normal load = 0.2, 0.4, 0.7 and 2.5 mN) and lamping-load
scratches (with rates = 6 and 150 uN s") are consistent. First, p is not a constant
during scratch, from around 0.1 to 0.3 when the normal load is applied from 0.1 to

the value just before . becomes fluctuating.

0.6
0.5 |-

Total depth :
04 - 17 am

Fig. 5.2 p as a function of normal load of DLC fiim SAE 19 deposited by ECR
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Fig. 5.3 shows that the damage threshold (D7) of the DLC films drops with
increasing Vg.. Since H also drops with increasing Vg, it shows that a film with
lower hardness also has a lower D7. One may compare the results with that of dual-
ion-beam deposited (DIBD) carbons films and CN; films. DT of the DIBD carbon
film deposited without ion assist is 11.5 mN, rather close to those of the ECR films.
However, both the DIBD carbon films déposited with Ar" assist and the CNx films

have DT in the range of 7.8 to about 4.5 mN, which are lower than those of the ECR

DLC films.

12+ 80 sccm
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Fig 5.3 DT of ECR deposited DLC films against the bias voltage
M: CH, = 40 and A 80 sccm ' :
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5.2 DLC films deposited by direct-ion-beam deposition

The deposition conditions, H and E of the hydrogenated DLC films
deposited by direct-ion-beam deposition (DBD) are shown in Table 5.2. H of the
films deposited at the ion beam current = 300, 360 mA and flow rate = 60, 70, 80
sccm are plotted in Fig 5.4 as a function of the ion beam energy. The results show
that A drops from 21.4 to 16.1 GPa when the beam energy increases from 200 to
400 eV. This shows that the films deposited at higher beam energy is softer. The
reason is similar. It is possibly because the bombarding species with high enérgies
generate thermal spikes with higher temperature, enhancing the growth of high
graphite sp2 fraction. Fig. 5.57 shows a typical proﬁlc of p, from which the damage
threshold of the film is determined. Fig. 5.6 shows DT as a function of beam
energy. Though the data seem tolbe scattered, one can still observed that DT tends

to drops with increasing beam energy, accompanied by a drop in H.

Sample code: Beam voltage Beam CH, flow Hardness Modulus

(eV) Current (sccm) (GPa) (GPa)
(mA)

SAE26 (V8) 200 360 60 20.4 157.6
SAE24.(V3) 250 300 60 19.0 155.4
SAE33 (V4) 350 300 60 17.1 132.3
SAE31 (V2) 350 360 60 17.3 129.6
SAE34 (V1) 400 300 60 16.1 124.8
SAE2S5 (Vi) 200 360 70 19.2 158.5
SAE35 (V22) 200 360 80 21.4 169.1

Table 5.2 Deposition conditions, hardness and elastic modulus of DLC films deposited by DBD
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Fig. 5.4 Hardness of DLC films deposited by DBD against beam voltage,
with the beam current and flow rate of CH, =
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6. Results and Discussions of Other Films
in Hard Coating Studies

Besides DLC film and CN, film, various kinds of hard coatings are of current
interest, and could have great application potential in surface protective overcoats on
recording heads. They include 1) CNJ/TiN multilayers where Ti-N phase is
introduced with the intention of forcing more N to incorporated into the C-N phase,
2) cubic boron nitride (c-BN), which is the second hardest substance just after
diamond; 3) boron-silicon-nitrogen (B-Si-N) and boron-carbon-nitrogen (B-C-N)-
deposited at 620 °C, where Si and C are incorporated respectively to release the
internal stress, 4) boron-carbon-nitrogen-oxygen films (B-C-N-O) deposited at room
temperature.  In this chapter, their mechanical properties obtained using

nanoindentation techniques will be discussed.

6.1 CN,/TiN multilayers

The CN,/TiN films have layered structure consistent with the sequence
of alternative deposition of CN, and TiN layers. TiN layer was always the first
layer to be deposited on the Si substrate since it is expect to have good adhesion to
Si. Sample S1 and S6 are single layered CN, and TiN films, which are used
for references in this study. Sample S2 and S5 consisted of four layers (two
CN,/TiN periods). Both sample S3 and S4 had ten layers (five CN,/TiN periods).
All the CNx laye;s adjacent to TiN layer(s) contained a noticeable amount of

titanium (Ti), possibly coming from diffusion of titanium atoms crossing the
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CN,/TiN interfaces. As a result, the CN, layers are practically composites of a

C-N phase, a Ti-N phase and a Ti-C phase.

No.of | No. of Ts | Depositio | total film H E
Sample | Javers | CN/TIN | (°C) n time | thickness | drin/dens | (GPa) | (GPa)
periods (min) (nm)
S1 1 single 40 160 180 L 11.2 | 167.8
(CN,) layer
S2 4 2 40 40 150 2.7 13.7 | 172.5
S3 10 5 40 40 148 2.7 15.2 | 194.5
S4 19 5 40 40 170 1.5 19.0 | 211.5
S5 4 2 250 40 150 2.7 18.0 | 203.4
S6 1 single 40 40 210 _ 21.0 | 2245
(TiN) layer

Table 6.1 Hardness and Elastic Modulus of CN/TiN multilayers

Sample S1, the single-layer CNy film, had the lowest hardness (11.4
GPa) among all of the samples. Its nitrogen content was as low as about 18
at.%, much lower than that of the predicted B-C;N4 phase. The value of H is
close to that of the dual-ion-beam deposited CNy film (CN,103) with 22.8 at.
% N determined to be H = 11.7 GPa (refer to Fig. 4.7). On the other hand,
sample S6, the single-layer TiN had the highest hardness (22 GPa) which falls

within the range of that reported for TiN films (22-69 GPa) [60].

Fig. 6.1 a and b show that both H and E increase with the volume
fraction of TiN in the films. In particular, sample 82 with two TiN layers has
higher H than that of sample S1, a single layer CNx. The ten layers sample S4

has a higher ratio of TiN thickness to CN thickness (drin/den, = 7.5) so that it
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is harder than sample S3, which has a lower value of drin/den, = 2.7. The data

of E basically reproduced all of the features as shown in the plot of H.

Furthermore, sample S3 is harder than sample S2, possibly due to a larger

number of CN,/TiN interfaces.

It is found that both H and E of sample S5 deposited at T; = 250°C are

higher than those of sample S2, deposited at room temperature. This is

possibly because the diffusion of Ti-atoms from the TiN layers to the CN,

layers is more enhanced at elevated substrate temperatures.
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|
/E\ 20 = 220 —
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& 3 200
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CN(S1) 2(S2) 5(S3) 5(S4) TIN(S6)
No. of CN,/TiN periods (Sample name)

2 (S5)

i

1 1 1 1 |

CN(S1) 2(S2) 5(S3) S5(4) TIN(S6)
No. of CN,/TiN periods (Sample name)

Fig. 6.1a Hardness of CN/TiN multilayers Fig. 6.1b Elastic Modulus of CN/TiN multilayers
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6.2 Cubic boron nitride (c-BN)

BN films were deposited by ion beam sputtering of a B target 100mm
in diameter at 620 °C. The films were found to contain a large fraction of
cubic phase (c-BN) as revealed by a strong infrared (IR) absorption band at

1090 cm’!, along with a hexagonal phase (h-BN) associated with an absorption

band at 1400 cm’!. The volume fraction of c-BN phase ($.an) was estimated

- to be 70 vol % according to the expression proposed by Lu et al [61]: $cpyn =

IC
I.+1

x 100%, where I, and I, are the peak heights of the two corresponding

bands at 1090 and 400cm’' respectively.

Proﬁably due to the high internal stress, the film peeled off completely
about one or two days after deposition if no buffer layers was added. Even
after adding buffer layer, ¢-BN film still completely peeled off from Si
substrate, or partially peeled off from quartz substrate two weeks after
deposition. Therefore the hardness measurements were carried out before the

films peeled off.

The H value of a film dropped with the indentation depth, showing the
influence from the deformation of the substrate. Therefore, the film hardness
was obtained from the data of shallow indentations with depths of about 40

nm (<1/5 of the top layer thickness), which was found to be 38 GPa, This is
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comparable with the results reported by other authors [62]. The high H comes

from the high volume fraction of the c-BN phase included in the films.

6.3 Boron-silicon- nitrogen (B-Si-N)

The next target is to improve the adhesion of ¢-BN films, to substrate. One
idea is to add Si into the ¢-BN films. This is based on intuitive conjecture that Si
atoms may combine with some N atoms to form a Si-N phase-so as to release the
internal stress. The high internal stress is the main cause for the ¢-BN to peel off.
B-Si-N films are denoted as (Bg.s..S5i:)Ng s ﬁlms,.thereafter, corresponding to
the results of composition analyses that N content is fixed at about 0.5 while B
and Si changed in the opposite manner. A B-Si-N film is composed of a BN
buffer layer was deposited Vwith ion assist at 200 - 360 eV (60 - 400 nm thick), and
a top BN layer deposited with ion assist at 450 eV (200-720 nm thick) (refer to
table 2.3). The buffer layer was in hexagonal (h-) structure so it has lower H ~ |

15 GPa and £ = 120 GPa.

x.= 0 refers to the ¢-BN films where the results have been discussion in
the previous section. For small amount of Si (x < 0.013), the films exhibited
good adhesion, implying that the incorporated Si has released part of the stress
in the films. The most important point is t‘hat such a low level of Si
incorporation is already sufficient to prevent the film from peeling off, while

in addition the cubic structure of the c-BN phase is basically not affected, such
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that the high hardness ( 38 GPa) and elastic modulus (= 227 GPa) are

refained. (Fig 6.2 a and b).

For 0.013<x<0.067, the c-BN phase was replaced by a h-BN phase, as
verified by the growth of IR absorption bands at 1400cm™. This is because_
the internal stress is further released to reach an extent that the cubic structure
cannot be sustained [63]. This structural change was accompanied by the

rapid reductions of H and E to 12 GPa and 123 GPa respectively.
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Fig. 6.2 a Hardness of the (B¢ 5.,8i,)Ng s films (Q)
and the buffer layers (@} vs. Si content.
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Fig. 6.2 b Elastic Modulus of the (Bg 5,81, )Ny s films (O)
and the buffer layers (@) vs. Si content,

When Si content was further increased, both H and E increased
progressively from the minimum values as_sociated with the h-BN structure
towards the values of 24 GPa and 215 GPa respectively. It is noted that the
value of H approaches that of silicon nitride films (29.4 GPa in Vickers scale)
prepared by plasma-enhanced CVD as reported by Endler et al [64]. This can
be attributed to the increase in the fraction of a Si-N phase in the films. Si-N
is a strong bond, and so SizN4 is well known as a practically useful hard

material.
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6.4 Boron-carbon«-nitrogen (B-C-N)

In the study of (Bo_s.xSix)Ng,S films, it is attempted to reduce the high
stresses in ¢-BN films to improve their adhesion via addition of Si. Considering an
alternative carbon (C), which is similar to B, N and Si and may be able to form sp’
hybridization, so that it is possible to replace B or N in the zinc-blende structure of
thé c-BN phase. Since a C atom (0.914 A) is smaller than a B atom (0.98 &), so if C
atoms can really replace some B atoms in the ¢-BN structure, the cbmpressive
stresses in the B-C-N films could be reduced more effectively, eventually facilitating

the improvement of the film adhesion.

To prepare a sample, a B-C-N buffer layer was deposited first with ion assist
at 200 - 360 ¢V (Table 2.3). Then a top layer was deposited with the conditions of
T, = 500 °C and ion assist at 450 eV (refer to Table 2.3). The thickness of the top’
layers and the buffer layers were found to vary in the ranges of 186 - 229 nm and 70
- 127 respectively. The C content in the B-C-N films was controlled to vary from 3

to 11.8 at. %. For most of the films, the ratio of Bto N was about 1.

For C content < 6.2 at. %, the film structure was dominated by a ¢c-BN phase
along with high H and E in the range of 36 - 37 GPa and 280 - 320 GPa respectively.
When the C content was increased to exceed a threshold value of around 6.2 at. %,
both the values of H and E dropped (Fig. 6.3 a and b). It is thereby suggested that
when the C content is higher than 6.2 at. %, the internal stress in the films was

reduced to an extent that the ¢-BN phase could not be sustained, eventually leading
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to the disruption of the ¢-BN structure and the formation of the h-BN structure.
Under existence of high internal stresses the low C-containing films peeled off
quickly from substrates after exposure to air. After the release of the stress by

addition of C, the film adhesion is greatly improved as a result.
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Fig. 6.3a Hardness of B-C-N films as a function of Si content.
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Fig. 6.3b Elastic modulus of B-C-N films as a function of Si content.

6.5 Boron-carbon-nitrogen-oxygen films (B-C-N-O)
In this work, temary B-C-N films were prepared at room temperature. The
B-C-N system is particularly interested because it is proposed to contain some

superhard phases.

The film thickness was determined to range from 3§ to 390 nm. The B
content in the films was controlled by varying the area fraction of B on the
sputtering target (By.,) from 0.14 to 0.86. Fig. 6.4 shows the relative contents of the

four elements as functions of Byea. First of all, the C content dropped monotonically
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from 82.3 to 4.1 at. % as B, increased in the range shown. Second, the B and N
contents increased with increasing Birea, and reached peak values of 37.5 and 2.5 at.
% respectively, while the oxygen content remained low. For further increase in
Bures, the change of B content became mild. Meantime, the content dropped, but the
oxygen content rose promptly instead. Eventually, the O content saturated at a
value as high as 60 at. %, although it was not added during deposition. In view of
such a high O content, it was thereby more appropriate to denote the films as B-C-
N-O films. In several reports [65-67], some oxygen confent ranging from 5 - 32 at.
% was found in the synthesized B-C-N materials élthough oxygen was not added on
purpose. For this cése, it is suggested that it should come from the oxygen residue in

the chamber.

By Martin Y. M. Ng Page 97



Chapter 6. Results and Discussions of Other Films in Hard Ceating Studies

80 -
70

60 O

O

40

i

)
> o
I>/

30
- +

20 | I\/
[ +
. L

10 O +§

0.0 0.2 0.4 0.6 0.8 1.0

Relative contents of C, B, N and O (at.%)

Fig. 6.4 Relative contents of the B-C-N-O films vs. B,.,

C(e), B(A), N(+) and O (0).

The XPS spectra of the elements were investigated to reveal the chemical
structure in the films as a function of composition. As shown in Fig 6.5 a, the C 1s
spectrum of a film with 82.3 at. % C was fitted by a C' and a C* components. The
c! component at 284.5 eV was ascribed to the C-C bonds in the graphitic structure.
The C? component at 285 eV was smaller and can be assigned to come form those C
atoms involved in the C-N bonds. For lower C content, the relative fraction of the
C? component became larger, showing that a larger fraction of C atoms were

involved in the C-N bonds.
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Fig 6.5 a C 1s spectra of the B-C-N-O films with various C contents

Next, the XPS spectra of the B 1s electrons was shown in Fig. 6.5 b. For the
film with 82.3 at. % C, the spectrum had a peak energy of 190 eV, accompanied by
the appearance of a N 1s peak at 398.8 eV. They are close to those of the h-BN
structure at 189.8 and 398 eV respectively_ [67], suggesting that the B and N atoms

in the film combine mainly to give a h-BN phase. When the C content is further
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reduced, the peak of the spectra shifts to higher binding energies, approaching that of
the B;O; structure at 193 eV [68]. Meantimé, the O content rose noticeably with
concomitant reduction in the N content, leading one to infer that a B-O phase grew
progressively and eventually dominates the films structure, whereas the h-BN phase

diminishes at the same time.
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Fig. 6.5b B 1s spectra of the B-C-N-O films with various C coutents
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From the structural a.nalyses, it is concluded that when the C content in films
drops, the film structure is first mainly graphitic, and then a h-BN phase grows, and
finally a B-O phase dominates. With these changes, the values of A and £ of the film
with 82.3 at. % C content are equal to 10 and 93 GPa respectively (Fig. 6.6- a and
b), lying below those ranges of DLC (12 - 40 and 140 - 300 GPa) prepared using

various techniques [69-70].
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Fig. 6.6a Hardness of B-C-N-O films as a function of C content.

In particular £ of this film is the lowest among those of other samples. Such
a moderate value of A and low value of E are closely related to the graphitic
structure of the film as detected. When the C content drops from 82.3 to 33.9 at. %,

H and E rise gradually and reach peak values of 12.7 and 127 GPa, respectively.
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This change is associated with thg B and N contents, and the éOMh of the volume
fraction of the h-BN phase. It is noted that the peak values of H and E are
comparable with those of h-BN films at 17 and 111 GPa respectively (refer to Fig 6.3
a and b). For fiuther decrease in the C content from 33.9 to 10 at. %, both H and £
reduce prominently from the peaks and eventually reach dip values of 6.4 and 113
GPa. These trends occurred possibly because the O content is still low, such that the
B-O phase has not been formed and the films are still in the h-BN structure and are
soft. Finally, when the C content < 10 at. %, the B-O phase is formed and
significantly influences the film properties, such that A and E rose again from the

dips, and finally approach the values of 10.3 GPa and 132.5 GPa respectively.
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Fig. 6.6b Elastic modulus of B-C-N-O films as a function of C content.
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This result leaves a problem of why the films contain up to about 60 at%
O, although it was not intentionally added. An explanation for high O content
was proposed. As the ultimaté pressure, P, in our chamber reaches 1 x 107
Torr, the residual oxygen molecules from the background ambient impinge the
substrate surface with a rate ¢ = P/(2 nmkgT)'"?, where T is the temperature
(about 300 K), m is the mass of oxygen molecule (about 5.3 x 102° kg) and ky |
is Boltzmann’s constant. ¢ is determined to be 3.54 x 10" molecules cm™? 57!
For cldse packing, there are N; = 8.6x 10'* oxygen molecules for each layer, if
the effective diameter of an oxygen is set at 36.4 A. Assuming that the sticking
probability of the impinging oxygen molecules is about 1 when the C content in
a film is low, there \;\riIl be ¢/N; = 0.4 layers of O incorporated into the growing

films, giving a growth rate of 1.5 As™ which is comparable with the maximum

overall coating rate (0.7 As') among the film samples in the series.
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6.6 Discussions about other films as overcoats on magnetic heads

Some data of the mechanical properrties of various hard coating materials
such as -CNx/TiN multilayers, c-BN, B-Si-N, B-C-N and B-C-N-O were discussed
above. Are they suitable for protective overcoats on recording heads? Even the
cubic boron nitride (c-BN), boron-silicon-nitrogen (B-Si-N), boron-carbon-nitrogen
(B-C-N) are very hard, there are still some difficulties in applying them as hard
coating materials. It is becuase films with high hardness were synthesized at 620 °C,
while at such a high temperature the heads would be damaged. Moreover they néed
buffer-layer to achieve good adhesion to substrate, so the total film thickness must
not be less than thickness of overcoats currently deposited on magnetic recording
head (=~ 8 nm). The B-C-N-O films were deposited at room temperature, but they
have much lower hardness (6-13 GPa) comparing with that of the B-C-N films
deposited at 620 °C . The CN,/TiN multilayers, though exhibit good mechanical
properties, consist of many layers and so cannot be thin enough to suit the

requirements as protective coatings on heads and disks.
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Chapter 7. Conclusions

The protective overcoats on recording devices are essential for highly
reliable memory storage. For the demand of higher storage density,. the head/disk
separation is minimized, such that accidental collisions between them occur more
frequently. Furthermore, when the drive starts and stops, the head-slider must be in
contact with the disk so wear is induced. Therefore hard protective overcoats are
generélly prepared on head-slider is to prolong the lifetime of the head which is

usually made of soft magnetic material.

Hydrogenated diamondlike carbon (DLC) discussed in chapter 5 is presently
the most important protective coating material on head in industrial production.
Recently, a new coating material carbon nitrate (CN,) has been suggested for
replacing DLC. In this study, the most interesting objective is to know how the
structure and the mechanical properties of CNy depend on the N content in the

material.

The preparation parameters of the CN, film were kept as constants, and the
fractional flow rate of nitrogen [N;}/([Ar]+[N3]) in assist ion gun only was varied
from 0 to 1, such that the fraction of the nitrogen ion species in the assist beam was
controlled systematically from 0 to 100 %. Accordingly, the N content in the films

increased from about 0 to 22.8 at.%.
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It is verified that the increase of the N content in the dual-ion-beam
deposited CN; films induces a diamondlike-to-polymeric structural transition. As
consequences, the films with higher N content have lower conductivity (o), lower
hardness (H), lower damager threshold (D7), weaker adhesion to Si substrate, and

possibly have high toughness and ductility.

These results have important practical meaning, because the film properties
can be tailored by controlling the level of N incorporation. ¢ of the coating material
on a head-slider should lie in a suitable range. If o is too high, the coating cannot
electrically isolate the head (e.g. magnetoresistive head) and disk, leading to failure
in signals. If o is too low, some static charges may be accumulated on head/disk

surfaces, causing dielectric bread down.

Although a higher H facilities to suppress wear of the surfaces sliding
against each other, however, if one surface has a lower H, it will be worn much
faster. Therefore, it is important for hardness of CNj films to be adjustable, and the
range of H (24.3 - 11.7 GPa) is found to be appropriate for tﬁe application in
protective coatings on magnetic heads. Furthermore, CNy films with higher N
content are less brittle, consequently suppress the formation of debris, and prolong
the lifetime of the head. The friction of all the CN, films is as lower as that of the
hydrogenated DLC films. Low friction favors the reduction of stiction, which is the

resistant applying of the medium by the head during starting the drive. In the future,
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more work has to be done to investigate the performance of the drives with CN, as
protective coatings, such that the advantages of using CNy films can be compared

with that of DLC films, which are commonly used at present.

In addition, some other hard coating materials were discussed to be
protective overcoats on recording head (in the chapter 6). Although the cubic boron
nitride {c-BN), boron-silicon-nitrogen (B-8i-N), boron-carbon-nitrogen (B-C-N) are
very hard, there are still some difficulties in applying them as hard coating materials.
The reason is that the films with high hardness were synthesized at 620 °C, while at
such a high temperature the heads would be damaged. Moreover they need buffer-
layer to achieve good adhesion to substrate, so the total thickness must not be less
than current thickness in production (= 8 nm) . The CN/TiN multilayers, though
exhibits good inechan’icai properties, consist of many layers and so cannot be to thin

to suit the application in magnetic heads and medium causes film too thick.
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