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ABSTRACT

As complementary metal-oxide semiconductor (CMOS) devices shrink to smaller size, the
problems related to circuit performance such as critical path signal delay are becoming a pressing
issue. These delays are a result of resistance and capacitance product (RC time constant) of the
interconnect circuit. A novel material with reduced dielectric constants may compromise both the
thermal and mechanical properties that can lead to die cracking during package and other reliability
issues. Boron carbon nitride (BCN) compounds have been expected to combine the excellent
properties of boron carbide (B4C), boron nitride (BN) and carbon nitride (CsNas), with their
properties adjustable, depending on composition and structure. BCN thin film is a good candidate
for being hard, dense, pore-free, low-k dielectric with values in the range of 1.9 to 2.1. Excellent
mechanical properties such as adhesion, high hardness and good wear resistance have been
reported in the case of sputtered BCN thin films. Problems posed by high hardness materials such
as diamonds in high cutting applications and the comparatively lower hardness of c-BN gave rise
to the idea of a mixed phase that can overcome these problems with a minimum compromise in its
properties. A hybrid between semi-metallic graphite and insulating h-BN may show adjusted
semiconductor properties. BCN exhibits the potential to control optical bandgap (band gap
engineering) by atomic composition, hence making it a good candidate for electronic and photonic
devices. Due to tremendous bandgap engineering capability and refractive index variability in
BCN thin film, it is feasible to develop filters and mirrors for use in ultra violet (UV) wavelength
region. It is of prime importance to understand process integration challenges like deposition rates,

curing, and etching, cleaning and polishing during characterization of low-k films. The sputtering



technique provides unique advantages over other techniques such as freedom to choose the
substrate material and a uniform deposition over relatively large area. BCN films are prepared by
dual target reactive magnetron sputtering from a B4C and BN targets using DC and RF powers
respectively. In this work, an investigation of mechanical, optical, chemical, surface and device
characterizations is undertaken. These holistic and thorough studies, will provide the insight into
the capability of BCN being a hard, chemically inert, low-k, wideband gap material, as a potential

leader in semiconductor and optics industry.
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CHAPTER 1: INTRODUCTION

The horizontal and vertical conducting segments of transistors and other active parts of the
semiconductor are connected by metallic lines. That serve as the gate metallization, contacts and
metal interconnects that may consist of an adhesion promoter/diffusion barrier under and over the
main current carrier metal as shown in the figurel.1 and some processors contain nearly 10 levels

of metallizations [1].

Diffusion barrier Contact plug

v £

Interlevel dielectric

Trench isolation
n-Si > p-Si N~—
.7 Bl
Si substrate / \
Silicide contact Source/drain Gate oxide Gate

Figure 1.1: A CMOS device

Inter layer dielectrics (ILD) are divided into three groups
(1) The active dielectric layers
(i) Layers only for Device processing.

(ili)  Insulating layers

The first group is used for storage of charges and other kind of active operation. Examples

are gate oxide and dielectric capacitor in memory devices. The second group comprises of films



which are used for device processing like (a) anti-reflection coatings (ARC) in lithography step;

(b) etch stop layers and for chemical mechanical polishing (CMP) and (c) as masks.

The third group is used as insulation in microelectronic devices. The isolation between metal lines
of same level is called inter-metal dielectric, and that between two metal levels is called inter level
dielectric. Both are called interlayer dielectrics (ILDs). The effective speed of the devices is also
due to the speed of signal propagation to and from the device through the metal interconnects.
These are capacitvely coupled to the insulating dielectrics surrounding them, ILDs, leading to RC
time delay.

An interconnects equivalent model is given in figure 1.2, where ‘P’ is line pitch, ‘W’ the line
width, ‘S’ the line spacing, ‘T’ the line thickness, and the ILD line thickness above and below is

equal. The RC delay is given by:

RC = 2pKeo [(ALYP?) + (L2/T?)] (1)

Where p is the metal resistivity, €o the vacuum permittivity, k the relative dielectric constant of the
ILD, and L is the line length. For devices smaller than 0.25um, the RC time delay controls the

overall on-chip cycle time [2].

| Upper metal layer

G Int t
T — — — |— nterconnec

metal layer

| | Lower metal layer

Figure 1.2: A typical interconnect element. LG and LL refer to the line-to-line and line-to-ground
contributions. [2]



The power dissipation is also caused by parasitic capacitance as given by the following equation
P=(1/2)fsC V2 f (2)

Where C is the total on-capacitance, V the supply voltage, f the operational frequency, and
fa the fraction of gates that switch during a clock period. Thus by reducing k, the value of ‘C’ will
also be reduced making circuits faster, hence also more portable.

In this work the electrical properties of proposed ILD material is investigated. These all
relate to electrical conduction through the dielectric and polarization that lead to interaction with
electrons, as a result of applied field on the conductor in contact with dielectric. Some desired
electrical properties in an ILD are high electrical bulk and surface resistivity, extremely low
leakage, high electric field strength, low leakage, low charge trapping, dielectric constant, low
dissipation and high reliability. The table below specifies all the electrical properties desired in a

dielectric material of constant lower than 3.



Table 1.1: Defining ILD characteristics

Dielectric constant at 1 MHz 15-3
Dissipation factor <0.005
Anisotropy Undesirable
Breakdown strength >IMV/cm
Bulk resistivity >10% Qcm
Surface resistivity >10%Qcm

The list of the requirements of the low- k material is as given below;

1)
2)
3)
4)
5)
6)
7)
8)
9)

Dielectric constant < 3.0

Chemical compatibility with Si

Highly insulating

Good thermal stability (up to 400°C)

High resistance to environmental degradation

Low hydrogen/moisture content

Compatibility with planarization, lithographic and etching processes
Low diffusivity for metallic impurities

High breakdown voltage

10) Low dissipation factor

11) Compositional uniformity

12) Low void/crack/defect density

13) Low compressive stress

14) Conformal deposition
15) Good adhesion

16) Low deposition temperature




17) Thickness uniformity over large areas

18) Low particle density

19) High elastic modulus

20) Low shrinkage

21) Low thermal expansion

However, the main technology limiter was not the ability to develop low- k ILD materials
but rather two fundamentally difficult problems associated with this category of materials. Firstly,
is the inherent weak mechanical strength of low- « ILD which seriously limits the ability to
package chips made with such ILDs. Moreover, the lower the dielectric constant, the weaker the
ILD gets as shown in Fig 1.3. The second problem is the degradation of the dielectric constant of
the low-k materials during processing. Typical processing steps used in the CMOS technology

includes photo resist removal, dry and wet etch and metal cleans. All these steps extract carbon

from the materials and render them to a higher dielectric constant.

100 : ;o
—=— VD or Spin-on Silicates =
® Spin-on Organics 1|.||
{
= Si0y,
=
2 1w
=
=
1.5 2 2.5 3 3.5 + 4.5
& of helectric Films

Figure 1.3: Relationship between the dielectric constant and mechanical strength, as represented
by modulus of a representative ILD material.



While the existence of a low dielectric constant is a critical requirement for any new low k

dielectric material, it is far being the only requirement. It is equally important that the new material
be chemically stable and compatible with Si microelectronics processing. As this work deals with
the electrical properties of the BCN thin films. The desired electrical properties of an ideal
dielectric material are discussed in the following section.
The need of good ILD material is in terms of high electrical bulk and surface resistivity, extremely
low charge trapping, dielectric constant and its anisotropy, low dissipation and high reliability.
Some of the desired ILD characteristics are dielectric constant at 1MHz may be from 1.5 — 3,
dissipation factor could be less than 0.005, undesirable anisotropy, Breakdown strength should be
greater than 1MV/Cm and the surface resistivity should be greater than 10°Qcm.

The resistivity determines the voltage-induced current through the material. Dielectics are
subjected to very high electrical fields up to 107 volt/cm. Thus a very high resistivity material is
chosen of the order of 10%* Q-cm. Besides the bulk resistivity the surface resistivity also plays an
important role in determining the dielectric feasibility. In surface resistivity the surfaces are
defected and provide fast charge diffusion paths leading to less resistivity compared to bulk. As
dielectric films become thinner the surface to volume ratio increases which in turn leads to surface
and interface electrical conduction mechanisms. Similarly interface between two metal layers and

metal surfaces lead to increase in gross total resistance[3].

Coming to Bulk resistivity, it is seem to be influenced by:
(1) impurities, mostly by easily ionizable under bias ones like water, H*, OH", Na" etc.;

(2) defects like point, line, area and volume are due to lower bulk resistivity



(3) stress affecting the band gap of the material.

(4) non-stoichiometry in some inorganic dielectrics will lead to higher vacancies.

(5) the ionic dielectrics generally have lower electrical resistance than covalently bonded.

(6) some ionizable covalent polymers due to the metal interface.

The leakage current capability is defined in terms of the maximum voltage (or the electric
field which is voltage per unit thickness of the dielectric) that an ILD can sustain without leading
to runaway currents (Current per unit area A/cm?) called dielectric strength defined in the unit of
volt/cm. For ILD application the dielectric strength of 2-5 MV/cm is considered as feasible. Figure

1.4 shows the schematic of current density vs. Electric field [1]

&
E
o
<
£
‘@ I
c
2 S_trength at 104
- given current >
o density 10-6 Runaway
5 - » strength
O

h A, 4

Electric field (MV/cm)

Figure 1.4: Schematic representation of current density through a dielectric as a function of the
applied field.

Dielectric strength is related to the dielectric constant. The Dielectric constant of the



inorganic dielectrics is shown in figure 1.5 [4]. It shows that lowest the dielectric constant higher

is the field strength of a given dielectric.

100; T T T 11111 T T T TTTT] T T T TTTTT] I llllllE
E I Si0, i
g o I& S|3N4 .
B £Si0,77 v U"' {*’Tazos i
s | 813N4 AL, . e PTO ]
S T|02.v- S PZT
= 1F S X E
0 F STO ?‘n\- .
@ [ BST ™ i

0.1 Lol L1l L1l L1

1 10 100 1000 10000

Dielectric constant

Figure 1.5: A log-log plot of the dielectric breakdown field (or field strengths), as a function of
dielectric constant of dielectric.

Finally, it is noted that the dielectric breakdown field strength has dielectric-thickness
dependence and decreases with the thickness. The lowering of the field strength at higher thickness
is due to defects and also may be because of low thermal conductivities of the dielectric, the heating
effectively raising the temperature more in thicker dielectrics than in thinner ones. Higher the
temperature lower is the field strength and drop in the field strength at high temperatures could be

very large.



In a regular dielectric capacitor, the voltage lags current by 90° but practically it lags by (90°— §)
where 8 is dielectric loss angle which leads to power loss in the form of heat. The dissipation of
energy is defined now as follows.

(a) Dissipation factor = tan 6

(b) Dielectric loss factor = k tan 9.

Power loss (watt) = 5.56 X 10*E? f v k tan § (8)

Where E is the applied field strength in volts per meter, f the frequency in hertz and v the volume.
Therefore to reduce the energy dissipation from a given material, we have to find lowest 6. Under
AC conditions it should be noted that

(a) Polarizations and loss are frequency dependent

(b) Electronic polarizations dominate at higher frequencies (>10*? Hz)

(c) Amorphous dielectric materials polarize at higher frequencies than the crystalline materials

of same composition.

1.1: Overview

There exist atomic bonding similarities amongst boron, carbon, and nitrogen that allow the
formation of compounds with a wide compositional range. BCN compounds have been expected
to combine the excellent properties of B4sC, BN and CsNas, with their properties adjustable,
depending on composition and structure [5]. As graphite is semi metallic and h-BN is insulating
(band gap >3.8eV), it is expected that such a hybrid between semi metallic graphite and insulating
h-BN may show adjusted semiconductor properties [6]. Moreover, recent efforts have been

devoted to develop a low dielectric constant BCN film in order to reduce the stray capacitance
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induced signal delay of interconnections in Si ultra large scale integrated circuits (ULSI). Dense
(pore-free) BCN films with a low dielectric constant in the range of 1.9 to 2.1 have been
successfully demonstrated [7]. The use of BCN films in the CMOS back end technology is really
very interesting and promising. A material with a low dielectric constant and with high mechanical
hardness is a perfect match for inter layer dielectrics. Several methods of preparing boron carbon
nitride films have been reported, such as chemical vapor deposition (CVD), plasma assisted CVD,
pulsed laser ablation, ion beam deposition, and sputtering. Also, shock wave compression or high
pressure/high temperature techniques (HP/HT) have been used. The limitations in composition
arise and are due to experimental restrictions like target composition or precursor mixing, so that
one element is always incorporated in approximately the same while other two can be varied over
a greater range.

The sputtering technique provides unique advantages over other techniques such as
freedom to choose the substrate material and a uniform deposition over relatively large area.
Furthermore, it is possible to control the deposition parameters to prepare BCN films of various
compositions. According to the chemical properties of the B, C and N during the depositing
process of the BCN films, B and C can exist both as elements and as compounds reacting with N
or each other, while N could be existed in the films only as compounds by reacting with B or C.
Therefore, the process of N deposited into the films and the reciprocity among B, C, and N during
the deposition of films becomes the main factors, which affect the composition and properties of
films.

For low carbon content the h-BN is preserved in boron carbonitride compounds. By

increasing the carbon content towards BCN stoichiometry (1<x>2) the hexagonal stacking



sequence tends into a fullerene-like structure. Increasing the carbon content to the composition
BCuN, the sample exhibits an amorphous structure. A ternary compound of boron carbonitride
(BCN) has gained increased attention due to its potential applications in electronic, optoelectronic
and luminescent devices. The boron-carbon-nitrogen phase diagram contains interesting phases,
such as diamond, graphite, fullerene, cubic-BN, B4C and there is also a hypothetical CaN4 as shown

in Figure 1.6.

BN {Cubic/hexagzonal)

o N
Diamond, B-CaMa
Fullerene, (Hypothetical)
Graphite

Figure 1.6: Ternary Triangle [8] [34]

Carbon nitride (C-N) thin films are predicted to have hardness comparable to diamond due
to the small bond length and low ionicity of this material. The focus of this work was to synthesize
the boron carbon nitrogen (BCN) through Rf sputtering and investigating its electrical properties

and access its feasibility to use as a low-k material in the CMOS back end technology.



CHAPTER 2: LITERATURE REVIEW

2.1: Boron Carbide

Boron carbide (BsC) is an extremely hard boron—carbon ceramic material used
in tank armor, bulletproof vests, and numerous industrial applications. With a Mohs hardness of
about 9.497, it is one of the hardest materials known, behind cubic boron nitride and diamond [7].
The ability of boron carbide to absorb neutrons makes it an absorbent for neutron radiation arising
in nuclear power plants. Nuclear applications of boron carbide include shielding, control rod and
shut down pellets. Within control rods, boron carbide is often powdered, to increase its surface
area. Electrically, boron carbide is p-type semiconductor material at even high temperatures which
suggests is thermally very stable. In thin film form too, this material finds applications as hard and
protective coatings, hard disk drives and other corrosion-resistance applications [9]. Sputtering
techniques have been commercialized more successfully in big manufacturing fabs because of
their high film deposition rate and low temperature features.

The chemical formula of boron carbide is B4C. But some time there exist a deficiency in
Carbon. Hence the formula is somewhere between B12Cz and B12C.. Boron carbide has a complex

crystal structure typical of icosahedron-based borides as shown in figure 2.1 [10]
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Unit cell diagonal

Figure 2.1: Icosahedron shape of unit cell of boron carbide [11]

Boron carbide has the band gap of 1.2-1.8 eV [11]. But according to the literature it is given
that the conductivity of Boron carbide is highest at 13% carbon percentage in the Boron carbide
and later it decreases as and when the carbon content increases in the composition [10]. All sputter
deposited thin films of boron carbide reported in the literature are amorphous. The boron carbide
is very stable at high temperature as it has very high melting point and hence it is desired to be
used at high temperatures in the form of an electronic device at inhospitable situations. In some
work it is reported that amorphous hydrogenated boron carbide thin films with boron
concentrations varying from 0 through 18 % by plasma decomposition of a feedstock of diborane
and methane. They found out that boron acts like a dopant with increase in boron concentrations
which leads to increase in acceptor densities. Similar work on amorphous hydrogenated carbon
doped with boron was first done by Jones and Stewart and they reported an increase by a factor of

ten in conductivity [12]. The electrical conductivity was measured for boron carbide films that had
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boron to carbon ratio from4.7 to 19.0, for temperatures from room temperature to 100°C. The
electrical conductivity found to vary exponentially with reciprocal temperature. This shows that
there is a little variation in conductivity as a function of Carbon composition. Hence it has been

concluded that the electrical conductivity depends in the sample purity and preparation and the

number of free carbon present in a given composition [13].

Table 2.1: General properties of boron carbide [[14], 17].

Properties of boron carbide

Molecular weight (g/mol) 55.26
Density (g/cm?) 2.52 for B4C
Melting Point (°C) ~ 2400
Specific Heat (Cal/mol K at 300 K) 12.7

Thermal conductivity (W/cm K)

Thermal expansion (1/K)

0.35-0.16 (25-800°C)
4-8 E® (25-800°C)

Electrical Resistivity (Q-cm) 5 (at 298K)
Electrical conductivity (1/ Q-cm) ~103

Band Gap (eV) 0.77-1.80
Dielectric Constant 5

Seeback coefficient (uV/K) 200-300
Vickers Hardness (GPa) 27.4-40
Young’s Modulus (GPa) 290-460
Shear Modulus (GPa) 158-200
Bulk Modulus (GPa) 190-250

Tensile Strength (N/mm?)

12
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Properties of boron carbide

Poisson’s Ratio 0.14-0.18

Flexural Strength (MPa) 323-430

Lattice constant (nm) ¢=1.207 a=0.561
Oxidation resistance in air up to 600°C
Chemical resistance Excellent. Reacts with

halogens at high temperature.

2.2: Boron Nitride

Boron nitride is very similar to diamond and can be used to make crystals that are as hard
as diamond. Boron nitride is an excellent conductor of heat in spite being an insulator electrically.
Boron nitride is mostly found in cubic (c-BN or B-BN) and hexagonal (h-BN) phases. BN in
general is not found naturally. Cubic BN has properties close to diamond and is known to be the
second hardest material after diamond. Also, c-BN can be made either n or p type conductivity for
electronic applications. On the other hand h-BN is a soft material with insulating properties and
has a band gap of 5 eV. Cubic boron nitride is one of the physical forms of boron nitride and is
made of tetrahedral bonded light elements. BN is also known as c-BN, -BN or z-BN. The
application of powdered form of c-BN in industrial abrasive and boron nitride deposits are used to
minimize friction and wear. Techniques used to prepare cubic boron nitride are physical vapor
deposition (PVD), plasma enhanced chemical vapor deposition (PECVD), pulsed laser deposition,
DC and RF magnetron sputtering from conductive and non-conductive targets (h-BN, boron, B4C

composite).
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Also, c-BN can easily be doped n-type using Si and p-type using Be and Mg. This is
something that cannot be achieved with diamond. Lastly, c-BN does not react with foreign
materials at high altitudes and in harsh environments [15]. It has a very large indirect energy band
gap Eq varying between 5.4 and 7.0 eV at room temperature. Hexagonal boron nitride (h-BN) or
a-BN or g-BN (graphite BN) is used at both very low temperature and at high temperature as a
lubricant and in situations where the electrical conductivity or chemical reactivity would be
problematic. Boron nitride lubricants can be used even in vacuum for space applications as the
lubricity mechanism does not contain water molecules which will be trapped between the layers.
h-BN can be included in ceramics, alloys, resins, plastics, rubbers and other materials, giving them
self-lubricating properties. Hexagonal boron nitride is stable at temperatures up to 1000 °C in air,
1400 °C in vacuum and 2800 °C in inert gas thus is a material which has one of the best thermal
conductivities of all electric insulators. Another important characteristic of h-BN is that it is fairly
chemically inert and is not wetted by many melted materials (e.g. aluminum, copper, zinc and
steels, germanium, silicon, glass and halide salts). Because of its excellent dielectric and thermal
properties, BN is used in electronics as a substrate for semiconductors, microwave-transparent
windows, and as a structural material for seals [16]. Thin films of boron nitride can be obtained by

chemical vapor deposition from boron tricholoride and nitrogen precursors
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Table 2.2: Comparison of various properties of BN with those of other semiconductors [100].

Parameter c-BN h-BN Diamond 3C-SiC GaAs Si
Lattice Constant (A) 3.615 a=2.504 3.567 4.358 5.65 5.43
Thermal expansion 3.5 2.7,3.7 1.1 4.7 5.9 2.6
Coefficient

Density (gm/cm3) 3.487 2.28 3.515 3.216 - 2.328
Melting Point (°C) >2973 - 3800 2540 1238 1420
Energy bandgap (eV) 6.4 5.2 5.45 3.0 1.43 1.12
Electron mobility (cm?/Vs) - - 2200 400 8500 1500
Hole mobility (cm?/Vs) - - 1600 50 400 600
Dielectric constant 7.1 5.06 5.5 9.7 12.5 11.8
Breakdown(x10° Vem™)  ~80 ~80 100 40 60 3
Resistivity (Q-cm) 10%® 10%° 10%3 150 108 103
Thermal conductivity 13 - 20 5 0.46 1.5
Absorption edge (um) 0.205 0.212 0.20 0.40 - 1.40
Refractive index 2.117 1.700 2.42 2.65 34 35
Hardness (kg/mm) 9000 - 10,000 3500 600 1000
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Figure 2.2: B-BN sphalerite structure

Figure 2.3: h-BN hexagonal (graphite like)

2.3: Boron carbon Nitride

The atomic sizes of boron, carbon and nitrogen are similar, also structures of carbon and boron
nitride polymorphs are similar, it suggests that it is possible to produce diamond-like phase
containing all three elements. Beginning in 1990, a great interest has been put in studying the

possibility to synthesize dense B-C-N phases. They are expected to be thermally and chemically

FRV]



more stable than diamond, and harder than c-BN, and hence it would be used as materials for high
speed cutting and polishing of ferrous alloys. These characteristic properties are because of
diamond-like structure combined with the sp® c-bonds among carbon and the heteroatoms.
BCxNy thin films were synthesized by chemical vapor deposition in 1972. It is unclear whether the
synthesis products are diamond-like solid solutions between carbon and boron nitride or just
mechanical mixtures of highly dispersed diamond and c-BN. Ternary B-C—N phases can also be
made using shock-compression synthesis. It was further suggested to extend the B—C—N system to
quaternary compounds with silicon included. The phase diagram of the B-C-N is showed in Figure
1.6. One of the characteristic features of the materials in the BCN ternary phase system is that they
have short bond lengths and thus expected to combine the specific properties of diamond, cubic

boron nitride (c-BN), hexagonal boron nitride (h-BN) and boron carbide (B4C).

The boron-carbon-nitrogen phase diagram contains interesting phases, such as diamond,
graphite, fullerene, cubic-BN, B4C and there is also a hypothetical CzNa4. Also, the ability to control
the band gap (Eg) by changing the atomic composition and structure makes them suitable for the
application in electronic and photonic devices [14]. Different deposition techniques have been
reported for depositing BCN thin films, including chemical vapor deposition (CVD), ion beam
assisted deposition, cathodic arc plasma deposition, pulsed laser deposition, DC and RF magnetron
sputtering. The experimental investigations reported above focuses mainly on the synthesis,
characterization and mechanical properties. A group deposited BCN films by plasma-assisted
chemical vapor deposition and studied the optical and electrical properties. They concur that the
carbon composition had a good dependence on the optical and electrical properties of the BCN

films. The band gap of the film decreased from 5.3 to 3.4 eV with increase in Carbon composition
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ratio from 9 to 30%. The electrical resistivity of the BCN film decreases from 1x10%? to 3.4 x 10°
Q-cm as the carbon content in the films increased from 9 to 30% [7]. The electrical properties of
BC:N thin films with respect to temperature were found out and it was reported that there was a
dependence of resistivity and Hall Effect measurements. The resistivity and Hall Effect
measurements results indicated that BC2N thin films are p-type semiconductors and the acceptor
levels were between 7.5 and 23 meV. They also studied the dependency of type of substrate and
found that the quality of thin film is better on Ni substrates than on quartz [17]. Other group
reported the growth of c-BCN thin films by reactive pulsed laser ablation (RPLA). They used a
rotating target consisted of two semi disks wherein one of h-BN and other one of graphite and this
deposition was done at room temperature. They observed crystalline BCN films with the formation
of c-BCN, h-BCN and h-BN. The films were hard, adherent and transparent. BCN films were also
prepared by pulsed laser deposition from a sintered B4C target. The films prepared were found to
be smooth and adhered well to the substrate. They also observed that with the help of reactive
nitrogen plasma they can incorporate more amounts of nitrogen in the films.

BCN thin films deposited using sputtering and the work on it is discussed from now on.
One of the work reports that they prepared BCN films by RF reactive sputtering from a hexagonal
h-BN target in an Ar- CH4 discharge. They made different films with different carbon contents by
varying the CHs partial pressure. Under optimum processing conditions they observed
polycrystalline BC2N and the calculated activation energy was approximately 0.8 eV [17]. BCN
films were also deposited by RF magnetron sputtering using a composite target consisting of h-
BN and graphite in an Ar-N2 atmosphere. They studied the effect of sputtering power on the
composition of BCN films and found that the films deposited at 80W and 130W are close to the
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BC:2N stoichiometry and the sample deposited at 110 W is close to the stoichiometry of BCN.
Lastly the samples deposited at 100W and 120W have the chemical composition of BC2N.
Thus they were able to achieve the BCN films with different compositions by varying the power
to the composite target [18]. Dual cathode magnetron sputtering was used to deposit BCN films
by Kusano et al. and they sputtered from graphite and boron targets. They varied the power to the
sputtering targets and concentration of nitrogen gas in the sputtering chamber. They observed the
variation of deposition rate with reactive gas and the BCN films deposited at pure nitrogen
exhibited a higher content of sp and sp? carbon and had lower durability in friction tests as
compared to other BCN films. Another group reported that BCN thin films near B4C composition
deposited by radio frequency magnetron sputtering from a sintered B4C target. They observed the
increase in nitrogen incorporation in the films from 0 to 40 at. % while the relative atomic
composition of B/C was relatively constant at 4 thus the films structure changed from B4C to a
mixture of h-BN and amorphous carbon. Same group of researchers characterized BCN films by
their micromechanical and micro tribological behavior. They evaluated the adhesion and friction
coefficient against diamond by micro scratch and also characterized their wear behavior at the
nano metric scale. They found that the hardness is higher in the films with lower nitrogen
concentration and the least hard films had nitrogen content of around 20 at.% [19].
Some work on dielectric constant studies was also performed by many groups. Takashi et al the
dielectric constant of BCN is found to decrease with decrease in growth temperature. The dielectric
Constant is estimated from the accumulation region of capacitance—voltage (C—V) characteristics
of Au/BCN/p-Si samples. Reduction in the crystal grain size and increase of the amorphous region
of The BCN films are observed with decreasing growth temperature. Here the Polycrystalline
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boron carbon nitride (BCN) films are synthesized at various temperatures by plasma-assisted
chemical-vapor deposition [20]. Also it has been reported by Sugino et al that boron nitride films
with a dielectric constant as low as 2.2 can be synthesized by plasma-assisted chemical-vapor
deposition (PACVD)[21]. It has been reported that the addition of C atoms to BN films is effective

in reducing the dielectric constant.

2.4: Carbon nitride

Liu and Cohen made theoretical prediction that 3-C3N4 which is isomorphic with -SizN4
might have a bulk modulus which can exceed that of diamond [22]. Figure 2.4 shows the structure
of the carbon nitride. This has triggered a lot of research work in the development of C3N4 over
the past two decades. C-N material along with high hardness also is expected to possess wide band
gap, high thermal conductivity, high strength, high decomposition temperature and excellent
resistance to corrosion and wear. Carbon Nitride possesses applications for insulator devices in
I11-V metal-insulator-semiconductor structures. C-N is a preferred material over SizN4 for such

applications because it doesn’t introduce any shallow impurities.
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Figure 2.4: Crystal structure of carbon nitride

There have been many research reported on the deposition of C-N films such as reactive
sputtering, plasma chemical vapor deposition (CVD), laser ablation, ion-assisted deposition and
metal-organic chemical vapor deposition (MOCVD). The incorporation of nitrogen in the C-N
films was around 40% which is lesser than that expected for stoichemetric 3- C3N4 (57 at %) in all
the work reported above. Higher amounts of nitrogen (50-57 at. %) has been reported in the
hydrogenated C-N films prepared by plasma CVD and the CN films obtained by dual ion beam
sputtering , laser ablation of graphite using a low-wavelength excimer laser and by using the
MOCVD technique[23]. The sputtering being the most commonly used method of deposition in
the industry results in relatively low nitrogen content in the carbon nitride films [24]. One group
performed reactive sputtering and observed the effect of nitrogen incorporation on the growth
kinetics, composition, structure and type on bonding. They noticed that the incorporation of N2 in

the plasma leads to an increase in the growth rate and that the growth kinetics and N content in the
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films is dependent on physical and chemical sputtering. The alteration in growth Kinetics
influenced the chemical, structural and optical properties. Another group also deposited C-N films
by reactive sputtering and premised that by decreasing the target power and at high nitrogen
pressure results in higher N2 contents in the film. They were able to gain equal amounts of carbon
and boron for a wide range of sputtering pressures at low temperatures and the structure of the film

obtained was graphite-like.
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CHAPTER 3: METHODOLOGY

In this chapter, the techniques and procedure for fabricating BCN devices for
characterization and measurement purposes are conducted. This chapter also elucidates various
materials and electrical characterization techniques used to study the thin film samples. Also it
outlines briefly about different electrical measurements like I-V Characteristics, Capacitance

measurements, Breakdown voltage measurements.

Sputter deposition technique was used to deposit thin film samples. Sputter deposition is a
physical vapor deposition (PVD) method of depositing thin films by eroding material from a
source, which in turn is deposited onto a substrate. The advantage of sputtering is that the deposited
films have the same composition as the source material. The similitude of the film and target
stoichiometry will be maintained because the sputter yield depends on the atomic weight of the
atoms in the target. Magnetron sputtering was instrumental in getting strong electric and magnetic
fields to trap electrons close to the surface of the target. Insulating targets can cause buildup of
charges that is why biasing was varied in the anode and cathode with a radio frequency (rf) power
source. Sputter deposition sources (also called sputter “guns”) creates low pressure plasma by the
excitation of an inert gas (typically argon) contained at 1 to 30 mTorr in a vacuum chamber. This
process extracts energetic ions which accelerate toward the cathode target, striking it with kinetic
energy up to several hundred electron volts. It then ejects material from the target with
approximately 90% leaving as neutral atoms and 10% as ions as a result of energy transfer. Gas
phase collisions between target atoms and argon atoms scatter the ejected material into a

distributed cloud. As the cloud migrates towards the substrate, the random approach angles result
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in deposition of a uniform film, even on surfaces that have micron-sized vertical structures.
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Figure 3.1: Sputtering Process Cartoon

Thin films of BCN were deposited by reactive RF magnetron sputtering in an Ultra High
Vacuum system. Three inches, powder pressed, B4C target with a purity of 99.5% was used. The
system base pressure was approximately 1 x 107 Torr and the purity of the process gas were
maintained by a hot reactive metal getter. Reactive sputtering was used where the deposited film
is formed by chemical reaction between the target material and a gas which is introduced into the
vacuum chamber. Oxide and nitride films are fabricated using this technique. The composition of
the film is controlled by changing gas flow ratios of inert and reactive gases. In this case nitrogen
was used as the reactive gas and, the N> to Ar ratio was varied from 0.25 to 1, in steps of 0.25 by
changing the individual gas flow rate, while total gas flow was kept constant at 20 sccm and the
deposition pressures were varied between 2 mTorr and 5 mTorr. And for each ratio the deposition
temperature was varied. The deposition temperatures used are room temperature, 200°C, 300°C,

400°C, 500°C.
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3.1: Fabrication of MIM devices

MIM stands for Metal-Insulator-Metal devices. The Corning glass was used as substrate to
fabricate the MIM structure. The standard cleaning procedure was followed to clean the substrate
that includes rinsing with acetone, methanol and DI (De-ionized) water. The substrate was then
rinsed thoroughly with DI water, dried with Nitrogen gas jet and was loaded in to the sputtering
chamber for subsequent BCN deposition. It is always good to make sure that there is no surface
oxide before depositing the insulating film. The surface oxide if present will add an additional

parasitic capacitance which may hinder the total capacitance value of the device.

Figure 3.2: MIM structures (AI-BCN-Al) on a glass substrate

3.1.1: Preparation of the base Al electrodes

The aluminum electrodes of 3mm wide were deposited using a mechanical mask in a
vacuum thermal evaporation system. During the deposition of aluminum, the thermal evaporation
chamber was first roughed from atmosphere pressure to the pressure of 50 mTorr with the help of
a mechanical pump (Backup pump). Then by closing the mechanical pump, the foreline pump’s

valve is opened. Here we have used the cryo pump as the foreline pump. This cryo pump helps in
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pumping down the system from 50 mTorr chamber pressure to 1 x 10 Torr. It was found out from
the earlier experiments that to get the high quality films with fewer defects, the pressure around 1
x 107 Torr would be required. The aluminum strips were dangled on the tungsten filament in the
chamber. The cleaned substrates were attached to the holder from the lid and it is closed and it is
made sure that the substrates are facing the filament firming a minimal distance between the
substrates and Al strips. The initial roughing is done to the chamber to achieve the pressure of 50
mTorr and then the cryo pump is used to bring down the pressure to 1 x 10 Torr. Then the high
current is passed from an induction coil current source by slowly incrementing the current from
0A to 35A. 35A is maintained for a minute for proper uniform deposition of Al on the substrate.

After that another minute is left for degassing.

3.1.2: Deposition of BCN thin films

BCN film is sputter deposited on a glass substrate in a sputtering chamber. These were
deposited from a 3 inch B4C target. The reactive sputtering was used to deposit BCN films. The
base pressure of the chamber was achieved in the range of 2 x 107 Torr. The N2/Ar gas flow ratio
was varied in the steps of 0.25 from 0.25 to 1, keeping the total gas flow in the sputtering chamber
constant at 20 sccm. The R.F power of 200W to the B4C target was kept constant. The depositions
were done at 2 mTorr and 5 mTorr partial pressures (Plasma pressure). The time for deposition
was 1 hour for all the samples. The thickness of the BCN film was measured by a-step
Profilometer. The BCN thicknesses ranged from 900 A - 2000 A. The samples were deposited at a

range of deposition temperatures from room temperature, 200°C, 300°C, 400°C, 500°C.
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Thermocouple attached to the substrate holder was used to measure the temperature of the
substrate. The temperature was noted in steady state condition. The rotation speed of the substrate
was set around 20 rpm. There are two steps for achieving the base pressure of 1 x 107 Torr. The
samples are loaded into the load lock system attached to a substrate holder and it is pumped down
(roughing) from atmospheric pressure to 5 x 10 Torr. Then the samples are introduced to the
main chamber from the load lock system by opening the valve between them and the substrate
holder with the samples are placed to a pre-set distance from the target. The target is placed facing
the substrate holder at an angle of 45°C. When the samples are positioned accordingly, RF power
is started from OW to 200W in small incremental steps and made sure the plasma is sustained for
the rest of the sputtering process. The desired N2/Ar flow ratio is maintained and also the partial
pressure in the chamber and the desired temperature is maintained as required. Now the sputtering
is started in the chamber by opening the lid covering the target and it is left open for an hour of
sputtering.

Lastly, aluminum electrodes of 3 mm width each running all through the length were
deposited on the BCN layer to form the top layer electrode of the MIM structures using the
Vacuum thermal evaporation method as explained previously. The substrates are dealt with same

cleaning procedures before all three kinds of depositions.
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3.2: Mechanical Characterization

Nanoindentation tests were performed with a Hysitron Triboindenter and a Berkovich diamond tip
with a load range of 4 mN [25] Each sample was tested at ten locations. Depth-dependent
properties were collected by performing multiple load/unload cycles. At different indentation
loads, hardness (H) and indentation modulus (I) were calculated. Young’s modulus was then
calculated assuming a Poisson’s ratio of 0.25 and using the depth-dependent apparent modulus via

linear extrapolation [26]

3.3: Optical Characterization

Optical properties of thin films can be instrumental in finding the application prospects in
the electronic devices. Ultra violet (UV) through the visible and infrared to the millimeter
wavelength range have significant power to examine various aspects of solids, especially
semiconductors such as; lattice structure and the electronic band gap. Optical transmission,
absorption, reflectance and band gap studies are considered in these studies. For optical

transmission studies, BCN was deposited on quartz substrates.

3.3.1: UV-Visible Spectroscopy

UV-Visible spectrophotometer is used for the optical transmission characterization of the
deposited BCN films. Optical density and absorption coefficient (o) are calculated from the %
transmission values and the thickness of the film deposited. With the help of Tauc plot, the optical
band gap (Eg) is obtained. These Eg values are plotted against various gas flow ratios at different
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substrate deposition temperatures to study the variation with respect to the amount of nitrogen
incorporation in the film. A Cary 5E high resolution spectrophotometer which is a double beam
instrument controlled by a microprocessor and has a measurement range of 800-200 nm, was used
to study the optical properties of BCN thin films. The ratio of transmitted light to that of incident
light (%T) and absorption data were collected. Base line correction which was obtained using

blank substrate was applied prior to collection of spectral data.

3.4: Surface characterization

Surface characterization is a significant part of thin film analyses. Various characterization
techniques can provide us information ranging from morphology, roughness to chemical nature
and bonding structure of the thin film material. Tools used in correlation with achieved properties
can help correlate characteristics, thereby explaining some uniquely observed phenomena. Some
of the surface characterization tools used in this study are X-ray photoelectron spectroscopy (XPS),
Secondary lon Mass Spectroscopy (SIMS), Fourier Transmission Infrared Spectroscopy (FTIR),

X-ray diffraction spectroscopy (XRD).

3.4.1: X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface quantitative technique which measures the
elemental composition, empirical formula, chemical and electronic states of the elements that exist
within a material. The spectra are obtained by irradiating a material with a beam of X-rays while

measuring the kinetic energy and number of electrons that escape away from the top 10 nm of the
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film. Surface chemistry of a material in its as-received state, or after some treatment XPS can be
analyzed by XPS. Elemental composition and chemical bonding of BCN films can be investigated.
The XPS measurements were performed ex-situ transfer in a VG Theta 300 XPS system, which
has a hemispherical analyzer and a mono-chromated Al anode x-ray source (1486.6 eV). Using a
2 keV Ar+ ion sputtering beam, surface contamination was removed and depth profiling was
performed. A pass energy of 20 eV was utilized for collecting high resolution scans of the B1ls,

N1s, C1s, and O1s core levels as the Ar+ beam sputtered through a portion of the film.

Electron Energy Anaiyzer (0-1.5kV)

(measures kinetic energy of electrons)

N

Pholo-Emitted Eleclrons (< 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sample

Electron Eleciron Detector
Collection {counts the alectrons)
Lens

Focused Beam of

X-rays (1.5 kV)
Electron
Take-Off-Angle
Si0./8i*
Sample
Samplas are usually solid because XPS Si(2p) XPS signals
requires ultra-high vacuum (<10 torr) from a Silicon Wafer

Figure 3.3: An XPS system setup.
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3.4.2: Secondary lon Mass Spectroscopy (SIMS)

Secondary ion mass spectroscopy (SIMS) is a technique for the characterization of solid
surfaces and thin films. It uses the process of ion formation by bombarding the surface to be tested
with a highly collimated beam of primary ions. The surface then emits material through a
sputtering process - only a fraction of these emitted particles is ionized. These secondary ions are
measured with a mass spectrometer to determine the quantitative elemental, isotopic or molecular
composition of the surface.

The SIMS technique requires high vacuum to ensure undisturbed movement of secondary
ions to the detector. The primary ion beam used (often Cs+, O2-, Ga+ or Bi clusters like Bi32-)
determines the detection limits of the instrument. Two surface analysis modes are static and
dynamic. Static SIMS is the process involved in surface atomic monolayer analysis, usually with
a pulsed ion beam and a time of flight mass spectrometer, while Dynamic SIMS is the process
involved in bulk analysis, closely related to the sputtering process, using a DC primary ion beam
and a magnetic sector or quadrupole mass spectrometer.

SIMS analysis was performed using a PHI Adept 1010 Dynamic quadrupole SIMS system
capable of depth resolution up to 1nm. A cesium (Cs+) ion source operated at 3 kV and 25nA was
used so that oxygen detection can be possible. For depth profile the depth scale was quantified by

measuring the analysis craters with a stylus profilometer.
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3.4.3: Fourier Transmission Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a technique which is used to obtain
an infrared spectrum of absorption or emission of a solid, liquid or gas. An FTIR spectrometer
simultaneously collects high spectral resolution data over a wide spectral range. This confers a
significant advantage over a dispersive spectrometer which measures intensity over a narrow range
of wavelengths at a time[27]. The goal FTIR is to measure how well a sample absorbs light at each
wavelength. The most straightforward way to do this, the "dispersive spectroscopy" technique, is
to shine a monochromatic light beam at a sample, measure how much of the light is absorbed, and
repeat for each different wavelength. (This is how UV-Vis spectrometers work, for example.)
Fourier transform spectroscopy is a less intuitive way to obtain the same information. Rather than
shining a monochromatic beam of light at the sample, this technique shines a beam containing
many frequencies of light at once, and measures how much of that beam is absorbed by the sample.
Next, the beam is modified to contain a different combination of frequencies, giving a second data
point. This process is repeated many times. Afterwards, a computer takes all these data and works
backwards to infer what the absorption is at each wavelength. FTIR measurements were performed
in both transmission and reflection mode. The transmission FTIR measurements were performed
with a Nicolet-Magna-IR 860 spectrometer [28].The reflection FTIR measurements were
performed with the same spectrometer in combination with a Ge attenuated reflection (ATR) cell
from Harrick Scientific[29]. Both transmission and reflection FTIR spectra were collected from

400-4000 cm—1 with a resolution of 4 cm—1.
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Figure 3.4: An example of an FTIR spectrometer with attenuated total reflectance (ATR)
attachment.

(Courtesy:https://en.wikipedia.org/w/index.php?title=Fourier_transform_infrared spectroscopy&oldid
=723747621)

3.4.4: X-ray diffraction spectroscopy (XRD)

Crystals are regular arrays of atoms, and X-rays can be considered waves of electromagnetic
radiation. Atoms scatter X-ray waves, primarily through the atoms' electrons. Just as an ocean
wave striking a lighthouse produces secondary circular waves emanating from the lighthouse, so
an X-ray striking an electron produces secondary spherical waves emanating from the electron.
This phenomenon is known as elastic scattering, and the electron (or lighthouse) is known as
the scatterer. A regular array of scatters produces a regular array of spherical waves. Although
these waves cancel one another out in most directions through destructive interference, they add

constructively in a few specific directions, determined by Bragg's law:

2d sinf = nA

Here d is the spacing between diffracting planes, 6 is the incident angle, n is any integer, and 4 is

the wavelength of the beam. These specific directions appear as spots on the diffraction
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pattern called reflections. Thus, X-ray diffraction results from an electromagnetic wave (the X-
ray) impinging on a regular array of scatterers (the repeating arrangement of atoms within the

crystal).

The X-ray diffraction measurements were performed using Panalytical Empyrean with copper X-
ray source, operated at 45 kV and 40 mA and the subsequent analysis was performed using Jade
7.5. Incident optics consisted of Bragg Brentano HD fixture with 1/8 degree slit and %2 degree anti
scatter slit. For detection optics, a pixel 3D detector with 7.5 mm anti scatter slit was used. A depth
profile was performed by fixing the sample tilt (o) relative to the incident beam, and scanning the

detector (20).

3.4.5: X-ray reflectivity (XRR)

Detector

Figure 3.5: XRR specular reflectivity

(Courtesy: https://en.wikipedia.org/w/index.php?title=X-ray_reflectivity&oldid=726048688)
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The basic idea behind the technique is to reflect a beam of x-rays from a flat surface and to then
measure the intensity of x-rays reflected in the specular direction (reflected angle equal to
incident angle). If the interface is not perfectly sharp and smooth then the reflected intensity will
deviate from that predicted by the law of Fresnel reflectivity. The deviations can then be

analyzed to obtain the density profile of the interface normal to the surface.

The mass density (p) of the films was measured by X-ray reflectivity (XRR) using a Siemens
D5000 equipped with a Cu line source and graphite monochromator. The data was collected in the
range of 0 to 9000-15,000 arc sec with approximately 20 arc sec steps. The XRR spectra were
fitted using the REFS software package (version 4.0, Bede). For the simulations, the thickness was
fixed at the value determined by ellipsometry and the mass density was adjusted to fit the XRR

spectra [30].

3.4.6: Photoluminescence

Photoluminescence (abbreviated as PL) is light emission from any form of matter after the
absorption of photons (electromagnetic radiation). It is one of many forms of luminescence (light
emission) and is initiated by photoexcitation (excitation by photons), hence the prefix photo-
[1]. Following excitation various relaxation processes typically occur in which other photons are
re-radiated. Time periods between absorption and emission may vary: ranging from short
femtosecond-regime for emission involving free-carrier plasma in inorganic semiconductors
[2] up to milliseconds for phosphorescent processes in molecular systems; and under special

circumstances delay of emission may even span to minutes or hours.
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Observation of photoluminescence at a certain energy can be viewed as indication that excitation
populated an excited state associated with this transition energy. While this is generally true
in atoms and similar systems, correlations and other more complex phenomena also act as sources
for photoluminescence in many-body systems such as semiconductors. A theoretical approach to

handle this is given by the semiconductor luminescence equations.

The photoluminescence measurements were performed using a FluoroMax-3 (Horiba Jobin Yvon,
Edison, NJ). A 450W xenon arc source was used. The gratings of 1200 grooves/mm in the single
excitation and emission monochromators were blazed at 330 and 500 nm respectively. Their
reciprocal linear dispersion was equal to 4.25 nm/mm. As a detector, uncooled photomultiplier
tube (Hamamatsu, Model R928) was operated in the photon-counting mode. Commercial software
(DataMax, version 2.20, Horiba Jobin Yvon) was used for automated scanning and fluorescence
data acquisition. The PL measurements were done in both the room temperature and at a low-
temperature of 77K. The low-temperature measurements were performed by immersing the sample
holding capsule into the liquid nitrogen and the PL excitation and emission characteristics were

collected.

3.5: Etching studies of BCN thin films

Based on the limited knowledge of different etching techniques of BN and B4C thin films, further
investigation of BCN etching is conducted. Various dry etching techniques have been employed
like using C4Fe gas to etch methyl-BCN [31]. Samuel et.al reports advancements in dry etching
techniques like inductively coupled plasma using SFe on h-BN films [32]. Nguyen et.al

demonstrated the magnetron enhanced reactive ion etching (MRIE) system using Freon/Oxygen
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(CF4/O2) and found out that the etch rate increases with increase in CF4 gas flows [33]. Dry plasma
etching technique like reactive ion etching (RIE) is highly anisotropic and furthermore it can cause
surface damage by ion-bombardment [34] [35]. While fluorinated plasma etching is still the
mainstay for plasma etching for patterning applications in the semiconductor industry, sometimes
wet chemical etching complements dry etching for processes like cleaning and complete removal
of deposited BCN on undesirable places. Further, for some specific applications where large line
width patterning is required, the wet etching process may be more viable and inexpensive.
Watanabe et al. studied the influence of wet chemicals which are used for interconnection
integration on BCN. They studied the effects of various chemicals used for post CMP processing
and cleaning after dry etching like oxalic acid, dilute hydrofluoric acid ((HF),
thrimethylammonium hydroxide (TMAH) and ammonium hydroxide on BCN thin films with
different oxide concentration [36]. However, they did not focus holistically on the wet chemical
etching techniques for BCN films. As BCN thin film wet etching studies are seldom reported

elsewhere, the present work reports a detailed analysis on wet etching of BCN thin films.

As BCN thin films are not so reactive, a very good oxidizing agent with better standard reduction
potential (SRP) should be considered. The etchant candidate should be such that it should seldom
interfere with other components of fabrication like silicon, silicon dioxide or silicon nitride. One
of the good candidates would be the common Piranha etch, which is comprised of sulfuric acid
(H2S04) and hydrogen peroxide (H20>) in the ratio of 7:3 respectively. Our group tried using
freshly prepared Piranha etch at 50°C, 60°C and 70°C and found that it barely etched BCN even
for 15-20 minutes duration. Also, the preparation of Piranha etch is highly exothermic which may
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result in high temperatures of around 110-130°C [37]. The SRP’s of H>O: (in acidic medium), and
H2SO4 are 1.776V and 0.172V respectively[38]. The high oxidizing characteristics and high
reaction temperatures can sometimes oxidize the silicon, silicon nitride and other components
during device interconnect fabrication. The SRP of nitric acid (HNOs3) is 0.934V [38], which is a
moderate one compared to other acids. Nitric acid oxidizes BCN into B>O3. A good solvent is
needed to dissolve B2O3 so as to increase the overall etching rate. Phosphoric acid (HsPOs) is good
at dissolving B2O3 and acetic acid (CHsCOOH) provides a good buffer for wetting the substrate.
Hence a common aluminum etchant comprising of HNO3, HsPO4 and CH3COOH is used as a

viable, safe, economic option and an effective etchant at various temperatures.

A basic aluminum etchant was used for the etching studies of BCN thin films. The etchant
consisted of 16 parts of phosphoric acid (H3POa4), 1 part of nitric acid (HNO3), 1 part of acetic acid
(CH3COOH) and 20 parts of DI water. 40ml of freshly prepared aluminum etch was filled into a
small glass beaker of 100ml capacity. The glass beakers were submerged in a water bath to control
the uniformity of the etching temperature. Etching was performed first at room temperature, but
the etching was very slow. Hence the temperature was increased and etching was performed at
three different temperatures, i.e. a) 50°C, b) 60°C and c) 70°C. The temperatures were monitored
with the help of a glass thermometer. Duration of complete etching of the film was monitored by
stopwatch. As BCN is hydrophilic in nature, the DI water was used to rinse the etched samples to
check whether the sample would turn completely hydrophobic and silver-gray in color denoting

the silicon surface.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1: Mechanical Properties of BCN thin films

Tables 4.1 and Table 4.2 show the X-ray reflectivity (XRR) mass densities (p) for the two sets of
BCN films deposited with C/BN and B4C /BN targets. For both sets of films, sputtering with
pure Ar produced the densest films with densities of 2.4-2.5 g/cm3. These values are close to the
theoretical density for B4C of 2.52 g/cm3 (interestingly, the B/(C+O+N) ratio for the B4C /BN

sputter deposited film is 3.7 and also close to that for B4C).

Table 4.1 summarizes the XPS data for a series of BCN films deposited at room temperature using
various N2/Ar ratios and the C and BN targets. For all films, XPS detected the presence of B, C,
N and some oxygen (O) contamination (typically < 3%). The latter is attributed to background
H20, CO, and CO2 in the high vacuum sputtering system. Carbon nitride rich (> 95%) BCN films
were obtained when sputtering with Ar gas only. However, the B content increased significantly

from < 5% to ~ 34% with the addition of just 20% N2. The B, C, and N content remained relatively

fixed at ~ 34, 18, and 45%, respectively with increasing percentage of N2 working gas [39].
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Table 4.1: XPS elemental composition, mass density, and dielectric constant for BCN thin films
sputter deposited using C and BN targets and different N2/Ar gas flow ratios. NM = not
measured due to high leakage currents.

%N, | %Ar | %B | %C | %N | %O -
(g8/cm’) k

0% 100% 1.7 18.5 78.5 1.3 | 2.4+0.1 NM
22% 78% 34.2 18.9 45 1.9 | 2.1+0.1 NM
33% 67% 34.5 19.1 44.9 1.5 | 2.0+0.1 NM
50% 50% 34.5 16.6 46 29 | 2.1+0.1 | 4.340.1
70% 30% 29.1 14.8 46.2 9.9 | 2.0£0.1 NM
100% 0% 34.4 18.8 44.7 2 2.01£0.1 | 5.0+0.1

Table 4.2: XPS elemental composition, mass density, and dielectric constant for BCN thin films
sputter deposited using B4C and BN targets and different N2/Ar gas flow ratios

0 0 0 0 0 0 p
% N2 | % Ar % B % C % N % O (g/cm3) K

0% | 100% | 78.8 8.9 5.2 7.2 |25£01| NM
20% | 80% | 46,5 | 10.1 | 329 | 105 | 2.140.1 | 3.9+0.1
33% | 67% | 455 | 144 | 374 2.7 |2140.1 | 4540.1
40% | 60% | 455 | 144 | 374 2.7 |20+0.1|3.940.1
50% | 50% | 46.1 | 116 | 32.8 9.6 |21+0.1 | 4.6+0.1
100% | 0% 447 | 106 | 24.7 | 20.0 | 2.240.1 | 4.310.1

Figure 4.1 shows a reflection Ge ATR-FTIR spectra for the same set of BCN films sputter
deposited using the B4C and BN targets. For the film deposited using only Ar, a single broad peak
centered at ~ 1100 cm-1 was observed. This band is attributed to B-B inter and intra-icosahedral
vibrational modes consistent with the large B composition determined by XPS [29]. A faint
absorption band at ~ 2500 cm-1 is also observed and attributed to the B-H stretching mode (again
consistent with the B rich composition).36 With addition of N2 sputtering gas, the 1100 cm-1

absorption band shifted to 1400 cm-1 consistent with the T-FTIR spectra collected for the C/BN
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sputtered films. Due to the similarities, we similarly attribute this peak to mixed sp? BN and CN
stretching modes. The intensity of this band increases with increasing % N2 working gas and then
decreases for 100% N2. This is consistent with the XPS measurements where the N content was

observed to increase and then decrease with increasing % N2.
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Figure 4.1: FTIR spectra for BCN films sputter deposited at room temperature using C and BN
targets and various N2/Ar gas ratios.

In Figure 4.2, small peaks at 2200 and 3350 cm-1 are also observed. The former has been

previously attributed to C=N bonding. The latter is attributed to N-H bonding consistent with prior

41



observations of PECVD a-BN:H films. This suggests the presence of a significant amount of
hydrogen (~ 10-15%) for the B4C /BN sputter deposited films. Interestingly, the C=N and N-H

peaks largely disappear for the 100% N2 sputter deposited film.
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Figure 4.2: FTIR spectra for BCN films sputter deposited at room temperature using BsC and BN
targets and various N2/Ar gas ratios.

For illustrative purposes, Figure 4.3 presents a plot of Young’s modulus as a function of
indentation depth (hc) for two different BCN films sputter deposited using the C and BN targets
with and without N2 sputter gas. For the film sputter deposited using only Ar, Young’s modulus
increases significantly with indentation depth and then rolls off at ~ 20 nm due to the substantially
lower modulus of the underlying Si (100) substrate. In this case, Young’s modulus was taken as
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the peak value. However, it should be noted that this may cause the value of Young’s modulus for
this film to be significantly underestimated due to the presence of the softer underlying substrate.
The second BCN film shown in Figure 3 (sputter deposited using 20% N2/ 80% Ar) does not show
such a roll off in Young’s modulus with indentation depth. In this case, the reported Young’s

modulus for this film was taken as the baseline value at an indentation depth of ~ 50 nm.
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Figure 4.3: Nanoindentation Young’s modulus as a function of indentation depth (hc) for two
BCN films sputter deposited using C and BN targets with and without N2 working gas.

Figures 4.4 and 4.5 present nanoindentation Young’s modulus (E) and hardness (H) results

as a function of N2/Ar gas ratio for the BCN films sputter deposited using the C/BN and BsC /BN
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targets, respectively. For films deposited using pure Ar and either set of targets, high values of
Young’s modulus (~ 285 GPa) and hardness (30 — 40 GPa) were observed. These values are
consistent with the relatively high values of Young’s modulus that have been previously reported
for B4C and sputter deposited amorphous carbon films [29]. However as both Figure 4.4 and 4.5
illustrate, these large values decreased significantly with the addition of N2 and remained
essentially invariant at 100 — 150 GPa and 6 — 13 GPa with further addition up to 100% Na. This
is consistent with the significant decrease in mass density that was also observed when N2 was

added to the Ar sputtering gas.
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Figure 4.4: Nanoindentation Young’s modulus and hardness as a function of N2/(N2+Ar) gas ratio
for BCN films sputter deposited using C and BN targets.
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Figure 4.5: Nanoindentation Young’s modulus and hardness as a function of N2/(N2+Ar) gas
ratio for BCN films sputter deposited using B4C and BN targets.

The decrease in BCN mechanical properties with addition of N2 sputtering gas is also
consistent with the change in composition of the deposited films where the films sputtered in pure
Ar were boron or carbon rich while those sputtered in Ar/N2 mixtures were closer to BN in
composition and sp#h-BN in chemical structure. Reduced mechanical properties for BCN films
have been previously reported. For example, Perrone et al. have reported microhardness values of
~ 2.9GPa for BCN films deposited using pulsed laser ablation of graphite and hexagonal boron
nitride (h-BN) targets[40]. Thus, the observed mechanical properties for the BCN films deposited
here are consistent with the literature and the reduced mechanical properties for the Ar/N2 sputter

deposited films can be attributed to the predominate BN composition and sp?h-BCN chemical
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structure.

Included in Table 4.3 are the nanoindentation Young’s modulus and hardness values for
BCN films sputter deposited using B4sC and BN targets with various DC and RF biases. High
modulus and hardness values exceeding 250 and 25 GPa, respectively, were observed in all cases.
This is consistent with the high B content and BC structure exhibited by these films. Unfortunately,
no clear trends were observable between the mechanical properties and the variation in DC and
RF bias for the sample set investigated here. There are also no obvious correlations between the

mechanical properties and the percentage or ratio of elements detected by XPS in these films.

Table 4.3: XPS elemental composition and nanoindentation Young’s modulus and hardness for
BCN thin films sputter deposited using B4C and BN targets and varying DC and RF biases.

DC-
RF-BN B4C % B % C %N % O E H (GPa)
(W) (GPa)
(W)
200 100 69.2 11.1 17.9 1.9 300 27.0
200 150 72.1 12.7 13.9 1.4 283 25.0
200 200 73.8 13.8 11.1 1.3 306 26.7
150 200 76.1 15.4 7.2 1.4 256 22.5
100 200 76.2 16.3 3.5 4.0 322 28.7

However, the mechanical properties for this last set of BCN films were all high with a
maximum nitrogen content of only 18%. In comparison, the minimum nitrogen content for the
previous BCN sample sets was 24% and the mechanical properties were greatly reduced. This
observation is consistent with a prior study of BCN by Martinez et.al where the hardest films were
those with the lowest nitrogen concentration and a minimum in hardness was observed at a

nitrogen concentration of ~ 20%.13 Based on these observations, one may conclude that
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maintaining nitrogen content to < ~ 20% may be ideal for achieving BCN films with the highest

possible mechanical properties.

4.2: Deposition and XPS studies of dual sputtered BCN thin films

Figure 4.6.a) shows the plot of deposition rate as a function of various BN (RF) target powers
while maintaining BC power at 100W. The deposition rate shows an increasing trend. This can be
explained as follows. With the increase in BN power, there is a scope of increasing incorporation
of nitrogen in the BCN film. The more the BN power, the more easily the nitrogen is incorporated.
Hence this favors the formation of BCN with increase in BN power subsequently increasing the
deposition rate. Figure 4.6.b) shows the plot of deposition rate as a function of B4sC (DC) target
powers while maintaining BN power at 100W. The nitrogen gas flow ratio is kept at 0.25 of total
gas flow, intentionally to allow the impact of DC/RF power variation on rate of deposition of BCN
films. For this study, the films are deposited at room temperature conditions. In case of films
deposited by varying BsC DC power, the deposition rate shows a decreasing trend with increasing
target power. This may be due to the fact that, the deposition rate of B4C is greater than BN. The
sputtering yields of B4sC and BN are 0.567 atoms/ion and 0.2 atoms/ion [41] respectively. While
forming BCN, B bonds preferentially with nitrogen than carbon and with the increase in B4C
power, there is a lesser incorporation of nitrogen into the film. A majority of boron concentration
remain as an elemental mixture without forming stable BCN compound. Hence the rate of
formation or the deposition rate slows down by a small amount with increasing DC power.

a)
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Figure 4.6: a) Deposition rate as a function of RF target power to BN target, 100W DC power to
BC target and b) Deposition rate as a function of DC target power to B4C target, 100W RF
power to BN target.
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Figure 4.7 shows plot of deposition rate as a function of various substrate deposition temperatures.
The target powers of both B4C and BN are maintained at 200W. The deposition rate shows a
decrease in trend with increasing substrate deposition temperature and an increase in trend can be
observed at 400°C. Our group had previously demonstrated similar trend during the deposition of
BCN thin film using the single B4C target using RF reactive magnetron sputtering and nitrogen as
reactive gas [42]. The films deposited at 200W RF/DC and at 400°C shows the highest deposition

rate.
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Figure 4.7: Deposition rate as a function of substrate deposition temperature at Ar = 20sccm and
200W power for both the targets.

In this section, as the main focus is on the effect of gas flow ratio on the deposition rate of BCN

thin films, the BN target power has been kept constant at 250W and the B4C target power is varied
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at 20W and 40W. By maintaining a high BN target power and a low B4C target power, an attempt
has been made to keep both the targets’ deposition rate similar, since the yield of BN target is very
low as compared to B4C target. This keeps the focus only on the deposition rate due to varying gas
flow conditions rather than varying target power conditions. Table 4.4 provides the percentage
composition of C, N and B in the BCN film deposited at various N2/Ar gas flow ratio at 20W DC
power and RF power of 250W. This is calculated from high resolution spectra of XPS for each
element. The percentage compositions of carbon and boron show decreasing trend with increase
in the N2/Ar gas flow ratio in the range of 0.25 to 0.75, later increases with increase in gas flow.
The concentration of nitrogen shows an increasing trend with increase in N2/Ar gas flow ratio from
0.25 to 0.5. There is a significant loss in nitrogen concentration thereafter yielding to a lower
composition nitrogen which remains constant from Nz/Ar gas flow ratio 0.75 to 1. The loss of
carbon concentration and gain in nitrogen concentration shows that more BN like films are
deposited at higher gas flow ratios and it favors more BN formation with increase in gas flow ratio.
BCN films deposited at No/Ar = 1 has the highest concentration of carbon and the lowest
concentration of nitrogen, hinting the formation of carbon rich BC like films. This can be explained
as follows. The sputtering yield reduces with increase in nitrogen. So due to this, the overall yield
coming from both the targets is reduced. As the sputter yield of B4C is more compared to BN
target, there is an increase in the carbon concentration in the films deposited at N2/Ar gas flow

ratio of 1.
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Table 4.4: The percentage composition of B, C and N in the BCN thin film deposited at various
N2/Ar gas flow ratio at 20W DC power with constant RF power of 250W calculated from XPS
data.

N2/Ar gas flow ratio | %C %N %B
0.25 66.2 28.5 5.3
0.5 61.8 35.6 2.6
0.75 79.7 12.6 7.7
1 82.7 12.7 4.6

Figure 4.8 shows the deposition rates of BCN thin films for substrate deposition temperatures
200°C and 300°C as a function of various gas flow ratios at 20W DC keeping the RF power of BN
constant at 250W. They show a decreasing trend with increasing N2/Ar gas flow ratios till No/Ar
= 0.75. Then it shows an increasing trend at No/Ar = 1. This can be attributed to the fact that
increase in nitrogen gas in the sputtering ambience decreases the effective sputtering yield due to
nitridation of the target [42]. Based on the XPS measurements from Table 4.4, it is observed that,
initially BN formation is more favored with increase in gas flow ratio from N2/Ar = 0.25 to 0.75
and BC is favored thereafter. As the deposition rate of BN is lower than that of BC and favorability
of formation of BN is more with increase in gas flow ratio, the overall deposition rate decreases
with increase in gas flow ratio. But at N2/Ar = 1, as BC formation is more favored, hence increase

in the deposition rate is observed.
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Figure 4.8: Deposition rate as a function of various gas flow ratios at 20W DC

Table 4.5 provides the percentage composition of C, N and B in the BCN thin film deposited at
various N2/Ar gas flow ratio at 40W DC power and RF power of 250W. The concentration of
carbon and nitrogen both has an initial increasing trend when the N2/Ar gas flow ratio is increased
from 0.25 to 0.5. But subsequently it shows decreasing trend with increase in N2/Ar gas flow ratio.
Boron shows a decrease in its concentration with increase in N2/Ar gas flow ratio from 0.25 to

0.75 but increases at No/Ar = 1.
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Table 4.5: The percentage composition of B, C and N in the BCN thin film deposited at various
N2/Ar gas flow ratio at 40W DC power with constant RF power of 250W calculated by XPS

N2/Ar Flow Ratio %C %N %B
0.25 38.87 47.74 13.3

0.5 55.50 36.43 8.08

0.75 52.43 42.10 5.45

1 39.99 47.02 12.91

Figure 4.9 shows the deposition rate as a function of various gas flow ratios at 40W DC for BC
target with a constant RF power of 250W to the BN target. The deposition rate characteristics can
be explained from Table 3. The concentration of the carbon increases initially from N2/Ar = 0.25
to 0.5 with decrease in concentration of nitrogen and boron. This explains the favorable formation
of more BC rich film and hence this leads to greater deposition rate of BC target. Therefore, overall
deposition rate increases. From Nz/Ar = 0.5 to 0.75, the deposition rate decreases, this can be
explained due to decrease in the carbon concentration and subsequent increase in the nitrogen
concentration. Hence the formation of BN rich film is favored and as deposition rate of BN is low,
the overall deposition rate decreases. There is an increasing trend found in the end from Na/Ar =
0.75 to 1. The concentration of carbon and boron has increased and the concentration of nitrogen
has decreased. This increase in trend can be attributed to the fact that the rate of formation of BCN
is favored more due to chemical reaction than the decreasing sputtering yield as a result nitridation

of the target [42].
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Figure 4.9: Deposition rate as a function of various gas flow ratios at 40W DC

Figure 4.10 shows the N1s high resolution scan for various gas flow ratios and target powers. The
peaks between 397 and 397.5 are assigned to B-N bonds [43]. The peaks between 398 and 398.5
eV can be attributed to sp® N-C. According to the literature, the peaks between 399 and 399.5 eV
are due to sp? N-C bonding [44, 45]. The peak between 400.5 and 401 eV can be attributed to the
presence of N-O bonds formed as a result of contamination [46]. For films deposited at 20W DC
for various gas flow ratios the BN peak remains fairly same throughout. The peak intensity of sp-
NC decreases from a) to b) and then an increase in trend is observed from c) to d). But the exact
opposite trend is observed in case of sp?>-NC formation for all samples deposited at 20W DC for
various gas flow ratios. In case of films deposited at 40W DC, there is N1s peak shift towards
higher binding energy, which indicates the higher concentration of carbon and more concentration
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of sp2-NC bonds [47]. The BN peak intensity decreases from a) to b) with highest intensity at c)
and it is either absent or very negligible at d). The N1s alone does not help much to find the bonding
states because the difference between the binding energies of N-B and N-C bonds is relatively

small. Therefore it is difficult to interpret [48].
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Figure 4.11 shows the high resolution scan of C1s for various gas flow ratio and target powers.
The peak at 284.6 eV denotes the presence of adventitious carbon [49]. The peaks found at ~284.3
eV and 282.9 eV can be attributed to BC3 and B4C respectively [50, 51]. The C-N bonds can be
found at ~286-286.9 eV [50, 52]. The second peak found at ~287.3 eV can be attributed to (sp°)
C-N peak [53]. The peaks resulted from C-O contamination can be located at ~288-288.5 [43, 44].
According to Mannan et.al, the broader C=C peaks may or may not constitute a B-C-N hybrid and
the prominent CNx phase can be separated from the hybrid [47]. From Figure 6, for films deposited
at 20W DC, BC peak intensity decreases from a) to c), but increases its intensity at d). The
broadening of C-N peak is found towards films deposited at higher No/Ar gas flow ratio and
becomes prominent at N2/Ar gas flow ratio = 1. In case of films deposited at 40W DC, the peak
intensity of BC fairly remains constant. The C=C peak intensity is observed to be relatively lower
and narrower as compared to previous case. The C-N peak appears to slightly shift towards lower

energy for f) to h), this may be due to lower concentration of C.
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Figure 4.12, shows the high resolution peak of B1s for various gas flow ratios and target powers.
The peaks found at ~188.4 eV , ~189.5 eV and 188 eV can be attributed to B4C, BCz and a-BCN
respectively [50]. The peak found at 190 eV can be attributed to h-BCN [47]. The hybrid bonds
of B-C-N can be found at a diverse binding energies at ~188-191.0 eV [47] but more dominating
peak at ~189.6 eV is found to be that of B-C-N atomic hybrids [54-57]. The peak at ~190.5 eV
can be assigned to h-BN [58]. Lastly, the peaks at ~192 eV and ~193.2 eV can be assigned to
BCO2 and B203 respectively [59]. The peak shifts towards the higher binding energy is because
of the various factors such as surface contamination and instrument sensitivity. An increase in the
BC peak intensity can be observed in case of BCN films deposited at 20W DC and for N2/Ar gas
flow ratio from 0.25 to 0.75. BC peak is either absent or negligible for BCN film deposited at
N2/Ar gas flow ratio = 1. The peak intensity of BCN, is observed to be an increasing trend and the
absence of BN peak in Figure 4.12.d) denotes the complete hybridization of BCN. BN peak
intensity fairly remains same throughout. In case of BCN films deposited at 40W DC, BN peak is
found to be completely absent for N2/Ar gas flow ratio of 1. This is due to the complete
hybridization of BC into BCN peak. This can be confirmed from the broadening of the BCN peak
at higher gas flow ratio. Here the dominating center peak is BCN. As compared to BCN films
deposited at 20W DC, clear broader peaks of BCN are found. The prominent BCN peak is observed

at No/Ar gas flow ratio = 1.
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4.3: Feasibility of etching studies on BCN thin films

Investigation of wet chemical etching Boron carbon nitride (BCN) thin films deposited by dual
magnetron sputtering of B4sC (DC) and BN (RF) targets was conducted. BCN, a low-k dielectric
material, is a potential candidate as inter-layer dielectric (ILD) in VLSI process. A common
aluminum etchant consisting of phosphoric acid (HsPOa), nitric acid (HNOs) and acetic acid
(CH3COOH) was tested for its feasibility as a good etchant for BCN thin films. The etching studies
were performed on BCN films that were deposited at room temperature, 200°C and 300°C as a
function of various N2/Ar gas flow ratios in an rf sputtering technique. It was found that the film
deposited at higher temperatures shows lower etching rate trends. Activation energies (Ea) were
calculated for each N2/Ar gas flow ratio with the help of Arrhenius plots and compared with respect

to elemental compositions of the films.

Table 4.6 shows the percentage elemental compositions of B, C, N, and O in BCN films that were
deposited at various substrate temperatures and pressures. During the deposition process of the
BCN films, B and C can form compounds reacting with N or with each other. Therefore, the
process of N integration and the reciprocity among B, C and N during the deposition become the
main factors, which affect the composition and properties BCN films [42]. According to the
literature [48, 60], many XPS analyses report that, the BCN chemical composition can either be a
stable ternary BCN and/or a mixture of CN and BN phases [61, 62]. Lei et.al reports that B-C can
exist in two different phases namely, B4C and BC3 depending on the film’s boron and carbon
compositions [63]. The BCN films deposited at room temperature, in Table 4.6 show an overall
carbon rich film with low boron concentration. Hence, we can deduce that the as-deposited BCN

films may be dominated by a mixture of CN, BN and BCs phases. The films deposited at 200°C
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show boron rich films with low nitrogen concentration. These films can be assumed to consist of
CN, BN, and B4C phases. Comparable concentrations of carbon and nitrogen with a considerable
amount of boron can be seen for films deposited at 300°C. CN phase may dominate in this
condition. Traces of BCN or a considerable amount of it can also be found in all the process

conditions.

Table 4.6: Percentage elemental compositions of B, C and N at various N2/Ar gas flow ratios and
substrate deposition temperatures.

Nao/Ar Percentage elemental composition
Room Temperature 200°C 300°C
B]C[NJO|[BJ|]C[NJO|[BJ]CIJ[NTDO

025 |31 |742 19334 |632 |272 |51 |45 |122 432 |40.0 |46

0.5 13.1 481 |31.2|7.6 59.6 |343 (25 |37 |120 (425 |40.1 |54

1 88 |53.7 272|103 | 742 |109 (46 |73 |196 |253 |50.3 |438

Usually, wet etching involves oxidation of the surface and dissolution of the resulting oxides [64].
The CH3COOH helps in buffering and wetting. It is considered as a good industrial solvent. HNO3
is a strong oxidizing agent which reduces BCN into B2Os. The proposed reaction is given in
equation (1). According to literature, hot HsPOys is said to dissolve BN [65]. Hence, it can be
considered as an additional oxidizing agent to reduce BCN as well. DI water is used for dilution.
It is also found that, hot water dissolves B2O3 into metaboric acid (HBO>) [66] as shown in the
equation (2). Films deposited by sputtering may result in BCN and parts of boron carbide (B4C)
and boron nitride (BN). According to the literature, B4C is insoluble in acids but soluble in fused

salts and alkaline hydroxides like potassium hydroxide (KOH) [67]. There is a limited solubility
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of BN in hydrochloric acid (HCI), hydrofluoric acid (HF), sulfuric acid (H2SOs), phosphoric acid
(H3POg4) and hydrogen peroxide (H202) [67]. Therefore, by choosing the combination of nitric acid
and phosphoric acid with good wetting solvent like acetic acid, the BN part of BCN can be attacked
to yield B203, Hence the above said etchant is chosen to perform the etch studies of the BCN films.
BCxNy + HNO3 => B203 + N2 + CO2 + H20 (1)

x and y denotes various possible compositions of carbon and nitrogen in BCN thin films.

B20O3 + H,O =>2HBO: (2)
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Figure 4.13 shows the BCN etch rate as a function of N2/Ar gas flow ratio at different etching
temperatures. It is observed that the etch rate is lower for films deposited at higher temperatures.
The X-ray diffraction (XRD) studies performed on the films indicated that, the films deposited at
higher temperatures improved their grain sizes. Several literatures also report the increase in grain
size with the increase in deposition temperature. Mannan et.al. reports significant increase in grain
size for RF sputtered BCN films with increase in deposition temperatures[68]. Similar work by
the same group on microwave plasma CVD deposition of BCN has deduced that, the BCN films
can be found in crystalline forms of h-BCN in short-range order when deposited at 300 W and 400
W process power [69]. In this study, the BCN was deposited at 250W BN target power and 20W
B4C target power. This higher target power and increase in deposition temperatures might have
assisted increase in grain size. Hence, lower temperature deposited films etched faster thereby
having the highest etch rate.

For the room temperature deposited films, it shows an overall decreasing trend with respect to
increase in N2/Ar gas flow ratio. The films etched at 70°C show the highest overall etch rate. It is
interesting to note that, the etch rate is lowest and similar for all the films deposited at No/Ar = 1.
A similar trend can be found in the films deposited at 200°C. The etch rate remains almost same
for films deposited at No/Ar = 0.25 and 0.5 but decreases by a great factor at No/Ar = 1. A carbon
rich film is deposited at No/Ar = 0.25, with a low amount of boron. Hence, most of film might be
comprised of elemental carbon with traces of BCz and CN phases. HNOs is known to dissolve
carbon to form carbon dioxide (CO.) and nitrous oxide (N2O) [67]. Therefore, initially the etch
rate is high. At No/Ar = 0.5, there is a decrease in carbon concentration and increase in both boron
and nitrogen concentration, which gives rise to more BCs and C-N phases, thereby decreasing the
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etching rate by a small factor. The etch rate slightly decreases further at No/Ar = 1. This is due to
further increase in BCz and C-N phases as a result of small increase in the carbon composition.
Hence, a marginal decrease in the etch rate is observed for films deposited at No/Ar = 1. The etch
rates for films etched at 60°C and 70°C, have similar trends with respect to increase in gas flow
ratios but they have higher etch rates than films etched at 50°C. Increase in the reaction
temperature, increases the frequency of collision of particles, thereby providing the necessary
activation energy for successful collisions. This increases the rate of the reaction and such reaction
follows the Arrhenius equation[70]. Further work on Arrhenius plots are discussed in the next
subsection.

From Table 4.7, it can be observed that for films deposited at 200°C, the carbon composition is
highest at N2/Ar = 0.5 whereas the etch rate at N2/Ar = 1 is the lowest. The overall nitrogen
composition is low in films deposited at 200°C. From this it is assumed that the films deposited at
N2/Ar = 1 has more B-C phase in the films with B4C being the dominant bonding characteristic.
Literatures have reported that carbon forms stronger networks when singly bonded with elements
compared to doubly or triply bonded cases [53, 71]. Hence the films in which carbon is found in
B4C forms are difficult to etch. B4C is fairly insoluble in acids[67] and hence the etch rate further
decreases for films deposited at 200°C when compared to room temperature deposited film. As the
film deposited at N2/Ar = 0.25 has considerable amount of carbon and boron, it forms more B4C
phases. Hence, the etch rate is high. For films deposited at N2/Ar = 0.5, the boron and carbon
compositions do not vary much when compared to No/Ar = 0.25 deposited film, hence the etch
rate does not seem to differ by a great amount. The No/Ar = 1 deposited film consists of significant
amount of boron with considerable amount of carbon and traces of nitrogen. Hence, this film is
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assumed to consist of phases of B4C and traces of elemental boron. Boron can be etched effectively
by concentrated HNO3 [67]. As the aluminum etchant consists of dilute HNOs in lower quantity,
the overall etch rate of the film decreases. Hence the films deposited at N2/Ar = 1 has the overall

lowest etch rate.

The films deposited at 300°C were observed to have constant etch rate from N2/Ar = 0.25 to 0.5
but show an increase in etch rate at No/Ar = 1. From Table 4.6, the percentage compositions of B,
C and N were similar for films deposited at No/Ar = 0.25 and 0.5. Hence their etch rates showed
similar behavior. For films deposited at N2/Ar = 1, the compositions of both boron and nitrogen
increased significantly while the carbon composition decreased. As the boron bonds more
preferentially with nitrogen than carbon, it was easier to etch away films with higher h-BN
characteristics than B4C or BCs. Hence the overall etch rate becomes high for films deposited at
No/Ar = 1.

Activation Energy

The activation energy (Ea) and high temperature limit of etch rate or pre-exponential factor (Ro)
can be calculated according to the Arrhenius law: [72]

R = Ro exp (-E«/KT) (3)

Wherein, R = etch rate, k = Boltzmann’s constant and T is temperature in Kelvin. Figure 2 shows
the Arrhenius plot of BCN films deposited at different No/Ar gas flow ratios and substrate

deposition temperatures.
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Table 4.7: Activation energy and pre-exponential factor of BCN thin films deposited at various

gas flow ratios and substrate deposition temperatures.

Room Temperature 200°C 300°C
N2/Ar | Ea(eV) | Ro(A /min) | Ea(eV) | Ro(A/min) | Ea(eV) | Ro(A /min)
0.25 |0.38 1.97e08 0.939 1.94e16 0.379 1.02e07
0.5 0.375 | 1.24e08 0.932 1.71e16 0.482 3.95e08
1 0.506 | 2.64e09 0.683 4.16e11 0.753 7.44e12

In Figure 4.14, the etch rates follow a linear Arrhenius plot as shown. Arrhenius plots can be used
to find the activation energies (Ea) and their high temperature etch rate limit factor (Ro). Table 4.7
lists all the values of Ea and Ro. In case of room temperature deposited films, the etch rate is highest
for films deposited at N2/Ar = 0.25 and 0.5. The lesser the etch rate for a reaction, the higher will

be the activation energy needed to complete the etching.

The Ea and R, are dependent on several reaction parameters like concentration of the solution,
nature of etchant and substrate [73]. Activation energy of a reaction is a direct indicator to its high
temperature etch limits. Hence, both these terms can be used interchangeably to explain the
reaction Kkinetics. In this study, the activation energies obtained for BCN etching using aluminum
etchant ranges from as low as 0.375 eV to 0.939 eV and their corresponding R, values range from
1.24 x 108 A /min to 1.94 x 10 A /min, respectively. Some literatures report on the activation
energies of closely related ceramic high temperature materials such as silicon carbide (SiC) and
silicon nitride (SiN). Gelder et.al reports the activation energy of 0.99 eV for silicon nitride, using

phosphoric acid (94.5%) etchant [73]. D H van Dorp et.al conducted the anodic wet etching of SiC
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using 0.1M KOH solution and were successful in achieving activation energy as low as 45.8 kJ
mol™? (0.47 eV) [74]. In this present work it was possible to achieve lower activation energies in

the range of 0.38 eV - 0.506 eV for room temperature deposited BCN films.

Films deposited at 200°C, yielded the highest activation energy range despite the fact that films
deposited at 300°C had the slowest etching rates. Hence, the films deposited at 200°C were more
temperature dependent than other films. The pre-exponential factors of as-deposited films and
films deposited at 300°C are in the orders of 107 to 10*2 whereas the films deposited at 200°C have
pre-exponential factor in the range of 10%°. From Table 4.6, it is noted that, the percentage
compositions of boron and carbon are very high for films deposited at 0.25 and 0.5 N2/Ar ratio and
200°C deposition temperature. The ratio of boron to carbon composition is around 2:1. Hence, we
can deduce that the films rich in boron and carbon compositions in particular, yield B4C rich films.
As B4C has a very limited solubility in acids, therefore it solely depends on the high temperatures
and takes longer to break its bonds. This is the reason why the pre-exponential factor and its
subsequent reaction activation energy is very high for the films deposited at 200°C. Figure 4.15
shows the activation energy of BCN films for various No/Ar gas flow ratios and substrate
deposition temperatures. The films deposited at room temperature and 300°C show an increase in
trend whereas the films deposited at 200°C show a decreasing trend. From Table 4.6, it can be
observed that the percentage compositions of nitrogen in the as-deposited and 300°C deposited

films, is considerably high when compared to films deposited at 200°C.
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Figure 4.15: Activation energy as a function of N2/Ar gas flow ratios at various substrate
deposition temperatures.

The activation energies of BCN films of room temperature deposited and those deposited at 300°C
show an increase in trend with increase in gas flow ratio. Their overall activation energy is lower
than the 200°C deposited films. It is probably because of higher nitrogen and lower boron
concentration in these films with significant carbon concentrations. According to the chemical
properties of B, C and N during the deposition process, B and C can exist both as elements and as
compounds reacting with N or each other, while N could exist in the films only as compound by
reacting with either B or C. Therefore, the process of nitrogen integration and the reciprocity
among B, C and N during the deposition become main factors, which affect the composition and
properties of BCN films [75]. These films can be considered as carbon rich films with elemental
carbon and traces of C-N, and B-N bonds. Hence, it is easy to dissolve these carbon rich films and

therefore their subsequent activation energy for the reaction is less.
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4.4: Study of Copper diffusion in RF magnetron sputtered BCN thin films

Secondary-ion-mass spectrometry (SIMS) analysis was conducted to study the copper (Cu)
diffusion in boron carbon nitride (BCN) thin films. BCN being a dense low-k material, has a
potential to be the Inter-layer dielectric (ILD) in ULSI processes. Hence study of Cu diffusion into
BCN films is a major reliability factor to be considered. SIMS analysis performed on BCN films
at different annealing temperatures confirmed very low degree of copper diffusion. Copper
diffusion increased with increase in boron concentration in BCN film.

In Figure 4.16, the as-deposited films show no peak overlapping between the peaks of B,
C and N. These peak overlapping are caused by various factors like ion mixing, matrix effect at
metal-film interface which in turn may promote inter-diffusion. These effects are owed to
anomalies like surface roughness, localized concentration variations as a result of impurities and
segregation arising from sputtering. Also the expansion of the interfacial region (BCN-Cu) is very
less when compared to many oxide/aluminum based systems as reported by Sundaram et.al [76].
They report an expansion of 2.5 times during the interface formation but in Figure 1, little or no
expansion is noticed. Therefore it proves that, BCN is robust to all the above effects and hence its
composition profile seldom changes. The diffusion of B, C and N into copper did not happen in
any considerable way in case of BCN films deposited at N2/Ar = 0.25 and 0.5. This is because of
the comparable atomic radius of copper with respect to radii of B, C and N ions. As-deposited
films have very low thermal energies to initiate any substitutional diffusion, hence there is a scope
for marginal interstitial diffusion to take place in a dense copper layer. In the entire depth of the

BCN film, very low counts of the copper was observed when compared to B, C and N in films
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deposited at N2/Ar = 0.25 and 0.5 gas low ratios.

Table 4.8. Percentage composition of B, C and N at various N2/Ar gas flow ratios.

N2/Ar gas flow ratio %B  %C %N

0.25 3.2 76.8 20
0.5 141 523 336
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Figure 4.16. SIMS data plot showing inter-diffusion of B, C, N and Cu at (a) N2/Ar = 0.25 and
(b) N2/Ar = 0.5 for as-deposited BCN films on copper.

Most of the back-end-of-the-line (BEOL) processes are performed around 350°C. Hence it is
necessary to lower the unit process temperatures to 200°C. This is to minimize the degradation of
reliability and optimize other process parameters [77]. Therefore the annealing temperatures in

this study is kept at 200°C and 300°C. Figure 4.17 shows the effects of annealing at 200°C and
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300°C at various time periods. It is observed that the boundary profile for un-annealed films is
steep and did not show any considerable counts of copper ions into the BCN films. Further it can
be seen that, even after annealing at 300° C for 30 minutes, copper has seldom diffused. The copper
forms covalent bonds more readily with boron than nitrogen or oxygen while forming Cu-B
complexes leading to substitutional diffusion[78]. Therefore during annealing, the copper might
have either precipitated or formed a stable complex thereby accumulating at the surface. From
Table 4.8, the concentration of boron is significantly higher in the films deposited at N>/Ar = 0.5
as compared to 0.25. Interstitial diffusion is not a major factor in terms of Cu+ in BCN since the
radii of boron, carbon and nitrogen are similar to that of copper ion. Interstitial diffusion is
enhanced in both the cases only with the help of higher annealing temperatures. In Figure 4.16.a),
copper concentration in the BCN film tends to be higher for higher annealing temperatures and
duration. The highest copper diffusion for the films deposited at N2/Ar = 0.25 and 0.5 was found
to be for samples annealed at 200°C even though higher temperature should have assisted
diffusion. This can be explained in terms of substitutional diffusion. Higher annealing
temperatures favor formation of stable complexes or precipitates such as Cu-B. This decreases the
point defects or other reaction sites for further diffusion of copper into the BCN bulk. Hence we
can assume that temperatures till 200°C assists diffusion and beyond that it helps in the formation
of stable complexes like Cu-B thereby decreasing further diffusion. This holds good for both the

cases in Figure 4.17.a) and b).
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Figure. 4.17 SIMS data plotted for Cu diffusion in the BCN deposited at (a) No/Ar = 0.25, (b)
N2/Ar = 0.5 at different annealing periods at 200°C and 300°C.

In Figure 4.17, the concentration of copper in the BCN surface increases at ~30nm towards the
surface. This is because of increasing accumulation of copper on to the surface. The Cu-B pairs
are unstable even at room temperatures unlike other 3d transition metals like Fe [79]. Hence the
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concentration increases towards the surface, as unstable Cu-B dissociates easily and Cu+
accumulates near the surface. Surface defects also provide a stable sink for copper ions. Many
literatures have reported regarding point defects and many copper-acceptor pairs like Cu-B, Cu-In
etc. [80-82] showing similar trends. The higher boron concentration in Figure 4.1.b) can explain
the increased accumulation of copper. Higher the boron concentration, higher is the formation of
Cu-B complexes in the bulk and as the complexes are unstable in the bulk they accumulate readily
to the surface with more defect sites. Hence it can be deduced that a significant copper
concentration is found on the surface of BCN at higher N2/Ar ratios. The increased copper
concentration at the surface can also be due to copper getting trapped in the native oxides at the
surface[78]. BCN scarcely forms native oxides of boron and carbon or a complex of both due to
prolonged exposure to atmospheric oxygen, hence there is a great possibility of copper getting
trapped in the native oxides at the surface as well. Similar works on trapped copper ions in the
native oxides of silicon has been reported in the literature[83, 84].

In a multi-level interconnect system, the conducting metal layer can be either on top or bottom
side of the dielectric layer. In order to find the diffusion effects of copper being on top of the
dielectric layer, the following experiment was conducted. For this study a copper layer was
deposited on the top of the BCN film and annealed at 400°c for 30 minutes. After the annealing is
completed, the copper is stripped off with the help of dilute nitric acid (HNO3) at room
temperature. Subsequently SIMS analysis is performed. This method also helps us to obtain a clear

and sharp demarcation between deposited copper and BCN films.
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Figure 4.18 SIMS data plot showing inter-diffusion of B, C, N and Cu at N2/Ar = 0.25, for
copper deposited on the as-deposited BCN films and annealed at 400°C for 30 minutes.

In the Figure 4.18, the count of copper has increased for the first 20 nm and then decreases by over
two orders of magnitude gradually towards the end of the BCN film. As the SIMS measurements
are done ex-situ, there is a tendency for BCN films to form native oxides from the interaction with
atmosphere. In the literature it is found that the copper diffuses faster in oxide based thin films
[85]. Therefore there is an increased accumulation of copper below the surface. Similar trend is
observed for the copper counts below the surface for the films annealed at 200 and 300°C as shown
in Figure 4.16.

BCN being a low-k material with high density can be a potential inter dielectric layer with
copper interconnects. This work shows that even annealing the film in the range of 200-400°C has
minimal copper diffusion effects in the BCN films. Films deposited at higher N2/Ar ratio yielded

higher boron concentration. Films with higher boron concentration showed marginal increase in
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copper diffusion compared to lower concentration films. BCN being a low-k material with high
density can be a potential inter dielectric layer with copper interconnects. This work shows that
even annealing the film in the range of 200-400°C has minimal copper diffusion effects in the BCN
films. Films deposited at higher No/Ar ratio yielded higher boron concentration. Films with higher
boron concentration showed marginal increase in copper diffusion compared to lower

concentration films.

4.5: Optical studies of BCN thin films by co-sputtering of B4C and BN targets

Boron carbon nitride (BCN) thin films are investigated for their optical properties. BCN, is the
unanimous choice for inter-dielectric layer (IDL) in very large scale integration (VLSI) because
of its low-k dielectric constant. Optical properties can be tailored as a function of elemental
composition, which makes BCN a prospective material in UV-filters and mirrors. Films are
deposited by reactive co-sputtering of boroncarbide (B4C) and boronnitride (BN) with varying
N2/Ar gas flow ratio by DC and RF sputtering respectively. XPS studies are performed to deduce
the bonding and chemical properties of the BCN film. Optical band gap (Eg) studies are performed
as a result of varying target powers, gas ratios and deposition temperatures. Eg is found to increase
with N2/Ar flow ratios and deposition temperatures. BCN deposited at 20W DC exhibited higher
band gap range and the highest achieved is 3.7 eV at No/Ar = 0.75. Lowest value achieved is 1.9

eV at No/Ar = 0.25 for as-deposited films.
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Figure 4.20, shows the B1s high resolution scan in which a) and b) show the B1s spectra for BCN
deposited at N2/Ar = 0.25 and 1 respectively at 20W B4C power. The peak at ~189.5 eV is
attributed to B-C bonding [56], the peak at ~190 eV is attributed to h-BCN and the peak at ~191.5
eV is attributed to h-BN bond [86]. Finally, the BCO2 and B203 bonds are attributed to peaks at
~192 eV and ~193.2 eV respectively [87]. In Figure 4.20 a) and b), the B-C peak shifts towards
lower binding energy with higher gas flow ratio. The h-BCN peak broadens and increases in
intensity with the increase in N2/Ar gas flow ratio, whereas a smaller and shifted h-BN peak is
observed. According to the Figure 4.19, the concentration of the nitrogen increases and carbon
concentration decreases. Hence, this supports the fact that h-BCN is more favorably formed at
higher N2/Ar gas flow ratio. Figure 4.20, c) and d) shows the B1s spectra for BCN films deposited
at No/Ar =0.25 and 1 respectively at 40W DC power. From Figure 4.19, the concentration of boron
does not change significantly with higher N2/Ar gas flows. But the concentration of nitrogen
decreases and the concentration of carbon increases. From the Figure 4.20, it can be observed that
the B-C peak shifts towards lower energy indicating increased stability. The intensity of h-BCN
peak more or less remains the same but a shift towards lower energy with broadening can be
observed whereas the h-BN peak intensity decreases with increase in gas flow ratio. This may be
due to higher B4C (higher yield than BN target) DC target power of 40W, that produces carbon
rich BCN films unlike those deposited at 20W. Thereby incorporating higher B-C related

characteristics in these films.
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Figure 4.21 shows the N1s high resolution scan in which a) and b) shows the N1s spectra for BCN
deposited at N2o/Ar = 0.25 and 1 respectively at 20W B4C power. According to Yang et.al, the
peaks between 397.3 and 398 eV can be attributed to B-N bond[50]. The peaks at ~400 eV can be
attributed to N=C double bond [88-90]. According to Bhattacharya et al. (sp) N-C peak can be
found at 398.8 eV. The peak between 398 eV and 398.3 eV can be attributed to N-C bond
formation [88, 91]. The peak between 400.5 eV and 401 eV is due to the presence of N-O
contamination bonds [92]. In Figure 4.21 b), the B-N peak has a peak shift towards lower binding
energy as well as increase in peak intensity. This shows a distinct and separate phase of B-N than
its counterpart in Figure 4.21 a). From Figure 2, it can be observed that, the compositions of
nitrogen and boron have increased, but the carbon concentration has nearly halved. This denotes
that more B-N bonds can be found in the film deposited at higher N2/Ar gas flow ratios. This also
shows an increase in the peak intensities of (sp®) C-N and (sp?) C-N, whereas a slight decrease in
(sp) C-N can be observed with increase in N2/Ar gas flow ratio indicating that higher gas flow
ratio favors the formation of more stable B-N or BCN rich films. Figure 4.21, c) and d) shows the
N1s spectra for BCN films deposited at No/Ar = 0.25 and 1 respectively at 40W DC power. In
Figure 4.21 c¢) and d), the B-N peak intensity increases for higher gas flow ratio. The peak intensity
of (sp®) C-N and (sp?) C-N decreases marginally with increase in N2/Ar gas flow but the intensity
of (sp) C-N fairly remains same at higher N2/Ar gas flow. A slight shift towards the lower binding
energy is observed for these peaks but for (sp) C-N peak. This favors the formation of more stable

(sp®) C-N, (sp?) C-N and B-N at higher gas flow ratios for BCN film deposited at 40W DC.
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Figure 4.21: N1s spectra of BCN thin films deposited at a) 20W B4C and N2/Ar = 0.25, b) 20W
B4C and No/Ar =1, ¢) 40W B4C and No/Ar = 0.25, d) 40W B4C and No/Ar =
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Figure 4.22 shows the C1s high resolution scan in which a) and b) depicts the C1s spectra for BCN
deposited at No/Ar = 0.25 and 1 respectively at 20W B4C power. The C1s binding energies for
BCs and B4C have been reported to be 284.3 and 283.0 eV respectively [47, 54]. The peaks around
285.6 t0 286.5 eV are attributed to (sp?)C-N [50] and the peaks around 287.3 eV are attributed to
(sp®)C-N [53]. Hence the peak at 283.9 eV in a) can be attributed to either BC3 or B4C. This peak
in b) is fairly narrower and smaller in intensity than its counterpart in a). A small peak shift in C-
N towards higher binding energies can be noticed. The higher binding energy peaks located at
>288 eV are due to the presence of C-O bonds which are considered as contamination [8, 93]. In
Figure 4.19, the compositions of boron and nitrogen increase whereas the composition of carbon
is halved at higher N2/Ar flow ratio. There is a decrease in B-C peak intensity for films deposited
at higher N2/Ar flow ratios and the overall intensities of all the other peaks tend to decrease due to
decrease in carbon concentration in the film and hardly any peak shifts are noticed for (sp%) C-N
and (sp?)C-N. Figure 5 c) and d) show the C1s spectra for BCN films deposited at No/Ar = 0.25
and 1 respectively at 40W DC power. But from the Figure 4.19, we can see that the composition
of the boron remains constant but there is an increase in carbon concentration and decrease in
nitrogen concentration. From this we can deduce that, BCN films deposited at higher B4C power
will create more carbon rich films. When inspecting the (sp?) C-N peaks in Figure 4.22 a) and b)
there is a small peak shift towards lower binding energy side. In Figure 4.19, as we can see that
the composition of carbon reduces considerably at higher N2/Ar gas flow ratio whereas the boron
concentration nearly doubles. This shows that the (sp?)C-N peak intensity decreases, paving way
to more stable nitrogen bonding to boron. In Figure 4.22 c¢) and d) it can be observed that both
(sp?)C-N and (sp®) C-N has a peak shift towards lower binding energy as well as decrease in their
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respective intensities, whereas the intensity of C-C peak has increased considerably. It is known

that carbon can also exist as a standalone element in a BCN film as well as compound [42]. Hence

it is deduced that, BCN films with marginal increase in B4C target power yields carbon rich films,

which plays a major role in bandgap engineering.
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Figure 4.22: C1s spectra of BCN thin films deposited at a) 20W B4C and N2/Ar = 0.25, b) 20W
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Figure 4.23 a) shows the transmission spectra for the BCN films deposited at various gas
flow ratios for 20W DC power applied to B4C target. The highest and least transmissions are
observed for No/Ar = 0.75 and N2/Ar = 1 gas flow ratio respectively. The highest transmission
achieved is around 90% in the visible region. Figure 4.23 b) shows the transmission spectra for
various gas flow ratios at 40W DC power to B4C. The highest transmission is found to be at N2/Ar
= 1 for the visible light range but the absorption edge is not as sharp as indicated for the film
deposited at 20W power. The transmission tail decreases smoothly below 600 nm all the way to
200 nm in the UV region. The films deposited at No/Ar = 0.75 ratio shows better transmission in
that range and the least transmission is found at N2/Ar = 1 gas flow ratio. The highest transmission

is found to be around 85% for N2/Ar = 0.75.
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The Optical density (OD) is calculated first with the help of percentage transmission values and

then the absorption coefficient for each of those OD is calculated by using the equation 1.

—2.303
t

a=2303x0D=

log;0(%T) (1) [94]
Where, o = absorption coefficient and t = thickness of the film
The absorption coefficient is plotted against photon energy.

Using the Tauc’s plot by fitting the data into following equation, the optical band gap is calculated
[94].

(a* hv)E = B(hv — Eope) (2)

Where, B = Constant factor, hv = Photon Energy, Eg = Optical band gap.

Figure 4.24 shows the Tauc plot for the absorption coefficient values extracted from the Figure 4.23

a). The optical band gap is found by extrapolating linear region of the Tauc curve to x-axis. The

X-intercept values gives the optical band gap values for corresponding curves.
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Figure 4.24: Tauc plot of BCN thin films deposited at 20W power to B4C

Figure 4.25 a) shows plot of optical band gap versus gas flow ratios for various deposition
temperatures. For these studies, the target power used is 20W DC power to B4C target keeping a
constant BN target power of 250W. The optical band gap increases with increase in N2/Ar gas
flow ratios for all the temperature ranges but a decreasing trend at N2/Ar = 1 for 200 and 400 °C is
observed. Similar trend for SICBN is observed by Vijayakumar et al [95]. The increase in band
gap with increase in N2/Ar gas flow ratio is due to the increase in composition of nitrogen and
decrease in carbon concentration as shown in Figure 4.19. Similar trend is observed in the work
performed by Tado et al and Todi et al [96, 97]. The band gap is reported to increase with increase

in deposition temperature as reported by Lei et al [63]. The BCN films deposited at 200°C showed

90



the highest band gap range and the films deposited at room temperature showed least optical band
gap range. The highest band gap achieved is 3.7 eV for BCN film deposited at N2/Ar = 0.75 and

lowest band gap achieved is 1.9 eV for BCN film which is as-deposited at N2/Ar = 0.25.
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Figure 4.25: a) Optical band gap as a function of gas flow ratio at 20W DC; b) Optical band gap
as a function of gas flow ratio at 40W DC.

Figure 4.25 b) shows plot of optical band gap versus gas flow ratios for various deposition

temperatures. For these studies, the target power used is 40W DC power to B4C target keeping a
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constant BN target power of 250W. The optical band gap increases with increase in N2/Ar gas
flow ratios except for a couple of decreasing trend at No/Ar = 1 for as-deposited and 200°C. The
BCN films deposited at 300 °C showed the highest band gap range and as-deposited films showed
lowest band gap range. The increase in optical band gap can be attributed to the increase in nitrogen
concentration as shown in Figure 4.19. As the increase in nitrogen composition is not significant,
the band gap increase is also not drastic as compared to the films deposited at 20W. The highest
band gap achieved is 3.1 eV for film deposited at 300 °C at N2/Ar = 1 and the lowest band gap of
2.06 eV is achieved for film deposited at room temperature at No/Ar = 0.5. From these observations
it can be deduced that films deposited at 20W have more scope for band gap engineering because

of its wide range of possible band gap values.

4.6: Photoluminescence studies on BCN thin films synthesized by RF magnetron sputtering

Photoluminescence (PL) studies on boron carbon nitride (BCN) thin films deposited at various
temperatures were conducted. Two sharp PL peaks in the visible region were identified at 498
nm and 599 nm for the BCN films with variable peak intensities. Low temperature PL study was
conducted at 77K for the films. It was found that, the PL intensity tend to decrease significantly
with decrease in the substrate temperature during the measurement. The phenomenon of negative

thermal quenching (NTQ) was observed for the first time in BCN thin films.

Figure 4.26 shows various peaks found in BCN thin films deposited at various substrate
deposition temperatures. The peaks at 26 = 44° can be assigned to BN (101) phase[98, 99]. A more

distinct and high intensity peak can be observed for film deposited at 200°C substrate deposition
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temperature. Whereas, this peak is absent for the film deposited at 400°C. The BsC (21, 3, 0) phase
is assigned to the peak at 20 = 55.95° as per the JCPDS convention. The BsC peak gets narrower
and distinct, with increase in substrate deposition temperatures. The peak around 26 = 62° can be
attributed to silicon peak resulting from the substrate background[100, 101]. From the XRD
analysis, it can be deduced that, the BCN films deposited at various temperatures has crystallinity

of very short range order.
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Figure 4.26: X-ray diffraction patterns for BCN thin films deposited at (a) room temperature, (b)
200°C, and (c) 400°C.
One of the most prominent absorption peaks is observed at 1080 cm-1, which corresponds

to reststrahlen band of cubic boron nitride (c-BN) [51] and/ or cubic BCN (c-BCN) due to increase
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in carbon content in the films [102]. As seen from the Figure 4.27, for the as-deposited films, the
peak broadens to a higher wavenumber. This may include the peak absorption caused by
icosahedral vibrations due to B4C peak around 1100 cm-1 [103],[104]. The absorption peaks found
at 780 cm-1 and 1400 cm-1 correspond to out-of-plane bending of (sp?) B-N-B bond and (sp?)
B=N bond respectively. Among these, the (sp?) B=N bond is found to be prominent and distinct
in all the specimens. This peak becomes narrower with increase in substrate deposition
temperatures. Hence, this shows the existence of hexagonal BN (h-BN) and/or hexagonal BCN (h-
BCN)[51]. The C(sp?-N peak and C(sp)-N peaks are found at 1600 cm-1 and 2200 cm-1
respectively [105, 106]. The C(sp)-N peak broadens and becomes distinct with increase in

substrate deposition temperature.
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Figure 4.27: FTIR transmission spectra of BCN thin films deposited at room temperature, 200°C
and 400 °C.

Table 4.9 shows the percentage compositions of B, C and N in the BCN thin films deposited at
different temperatures extracted from XPS. The composition table will help to gain better

understanding on the different trends of PL for films deposited at various temperatures.
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Table 4.9: XPS percentage compositions of B, C and N of BCN thin films deposited at various
substrate deposition temperatures.

Deposition temperature  %B  %C %N

As-deposited 32 768 20
200°C 66.2 285 53
400°C 128 452 420

Two distinct photoluminescence (PL) peaks were observed at 498 nm (2.49 eV) and 599
nm (2.07 eV) respectively for an ultraviolet (UV) excitation of 365 nm. Similar strong PL peak at
600 nm was found in BC2N thin films as reported by Watanabe et.al [107]. Jian et.al reported
strong PL peaks at 370 nm and 700 nm at an excitation of 310 nm for B3CN3 fibers [108]. Such
huge differences in the PL peak positions are due to quantum confinement effect in fibers and
other structures like quantum dots, nano-rods. In this work, the highest PL peak intensity was
observed in the BCN films deposited at 400°C and the lowest intensity PL in the films deposited
at 200°c. This is due to the fact that samples grown at higher temperatures tend to have improved
crystalline quality. This in turn will have a reduction in the non-radiative recombination for the
electron-hole pairs [109]. The BCN films grown at higher temperature also has the lower
deposition rate when compared to its lower temperature counterparts, as reported in one of our
previous works [75]. Hence, this lower surface to volume ratio of films have lesser defects than
the bulkier ones. From Fig. 1, the XRD peaks of films deposited at 400°C are narrower and distinct,
suggesting larger crystallites when compared to as-deposited films. All these factors influence
greatly towards increase in PL intensity for 400°C deposited films. The 200°C deposited BCN film
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is supposed to show increase in PL intensity when compared to as-deposited BCN film, but it has
the lowest PL intensity. This peculiar trend is explained as follows. The XRD peak for 200°C
deposited film shows a well-defined BN peak as compared to as-deposited film. BN is an
anisotropic material and polar like many other I11-V semiconductors [110]. Therefore, it could be
highly polarization anisotropic in luminescence i.e. the emission peak profile changes with parallel
and perpendicular incidences [111]. Li et.al. and other groups have reported similar decrease in
PL intensity with increased alignment of hBN particles [110]. Table 4.8 shows the percentage
compositions of boron, carbon and nitrogen for BCN films deposited at different deposition
temperatures. The films deposited at 200°C has a high percentage of boron. During the BCN
deposition process, B and C can exist both as standalone elements and as compounds reacting
with N or each other, while N could exist in the films only as compound by reacting with either B
or/and C[75]. Therefore, the 200°C deposited film may contain traces of elemental boron. Boron
is known to be detrimental to photoluminescence as it acts as a PL quencher in many solids like
silicon nanocrystals [112]. This is attributed to increase in nonradiative Auger recombination[113,

114]. All these factors result in the decreased PL activity of 200 °C deposited BCN films.
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Figure 4.28. Photoluminescence measurements of BCN thin films deposited at different substrate
deposition temperatures.

Usually, the PL intensity has a tendency to increase with decrease in temperature as a result of
thermal quenching (TQ) phenomenon. This phenomenon is attributed to the increase in
nonradiative recombination of electrons and holes with increase in temperatures. All the groups
who have investigated on BCN PL, report TQ phenomenon. A peculiar behavior of negative
thermal quenching is observed as shown in Figure 4.29, NTQ was observed for BCN films
deposited at all temperatures. There are reports about NTQ found in materials such as ZnS, GaAs,
ZnO [115-117]. The explanation for NTQ phenomenon is as follows. Shibata et.al proposed a
simple model for TQ and NTQ [115]. A material with only two states i.e. initial and final state is
most likely to show TQ if the energy separation between the initial and final state is sufficiently
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large compared to the temperature of the system as the thermal excitation is negligible. But due to
defects or unintentional donors, a system may have a number of multilevel states between initial
and final state. Hence, when the energy difference between the initial states and some middle states
is comparable to the temperature of the system, thermal excitation of electrons between these states
are not negligible. Therefore, increase in temperature increases the PL intensity. BCN is known
to be direct band gap semiconductor in the literature [107, 118]. The low temperature
measurements might have introduced intermediate states or unintentional donors that might have

resulted in the NTQ phenomenon in RF sputtered BCN thin films.
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Figure 4.29. Photoluminescence at room temperature and 77K, for BCN thin films deposited at
different substrate deposition temperatures.

A systematic PL study of RF sputtered BCN thin was performed. Two sharp PL peaks were
observed in the visible region. The films deposited at 400°C showed the highest PL peak intensity.

This was attributed to the larger crystallites and high surface-to-volumes ratio with less defects in
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the 400°C deposited films. For the first time, NTQ was observed in the BCN thin films deposited
at all the substrate deposition temperatures. This may be due to the introduction of intermediate
states or unintentional donors during low temperature measurements and whose energy difference
between the initial and middle states was comparable to temperature of the system. Thermal

excitation of electrons was deemed negligible in this case, resulting in NTQ property.

4.7: Boron carbon nitride based Metal-Insulator-Metal UV detectors for harsh environment
applications

A metal-insulator-metal (MIM) structures using Boron carbon nitride (BCN) was tested for its UV
detection capability. BCN being one of the hardest material and chemically robust, it is expected
to be a potential choice for UV detector in extreme and harsh conditions. The BCN thin films were
deposited using dual target RF magnetron sputtering process. The optoelectronic performance of
the BCN MIM devices were examined through UV photocurrent measurements. A UV
photocurrent two orders of magnitude higher with respect to dark current was achieved in the range

of -3V to 3V
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Figure 4.30: FTIR spectra of BCN thin films deposited at gas flow ratio of N2/Ar =1 and at
200°C deposition temperature.

The most prominent peaks found are out-of-plane sp? bonded B-N-B bending mode at 780 cm-1
as reported by Hasegawa et.al [51]. This peak may also denote the occurrence of either hexagonal
boron nitride (h-BN) and/or hexagonal BCN (h-BCN). There are two peaks found near 1250 cm-
1 and 1220 cm-1. Chien et al. attribute those peaks to carbon rich B-C bond and the sp® bonded C-
N (1212-1265 cm-1) respectively [53]. In-plane B-N stretching bond can be seen at ~1370 cm-1
[119]. Tempez et al. and other groups have reported significant peaks of C(sp?)-N peak at ~1600
cm-1 and C(sp)-N peak at ~2200 cm-1. Similar peaks can be found in the Figure 4.30. The peak,
which is found in the BCN film as a result of surface contamination due to atmospheric exposure
can be attributed to C=0 peak at ~1700 cm-1. The h-BN, C (sp®)-N and C-N peaks are found to
be in considerable intensity and amongst them C (sp®)-N is dominant. Hence the properties of these
films are significantly dependent on these peak. The deposited BCN film showed several phases
related to h-BCN, (sp®)-CN, B-C, h-BN, C (sp®)-N, C (sp?)-N and C (sp)-N. Similar multiple

phases of BCN films were reported in our earlier XPS studies [75].
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Figure 4.31: UV-Vis transmission spectra of BCN thin film deposited at 200°C.
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Figure 4.32: Tauc plot for bandgap extraction.

Figure 4.31 shows the transmission spectra for BCN thin film in visible and UV region. The film
is fairly transparent in the visible region till the near UV region. It starts to absorb around 350 nm

wavelength range with a sharp slope till 200 nm wavelength. This denotes that BCN film is a good
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absorber only towards UV region. The absorption coefficient was calculated using the equation 1.

—2.

2> log;o(%T) (1)

a=2303x0D=
where, o = absorption coeeficient and t = thickness of the film. The optical bandgap is calculated

using the Tauc plot by fitting the data into following equation [94].

(a* hv): = B(hv — E,) (2)

Where, B = Constant factor, hv = Photon Energy, E,; = Optical band gap. Figure 4.32, shows the
Tauc plot for the absorption coefficient values extracted from the Figure 4.31. The optical band
gap is extracted by extrapolating linear region of the Tauc curve to x-axis. The x-intercept gives

the optical band gap of the BCN film. The bandgap obtained was found to be 3.2 eV (~380 nm).
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Figure 4.33. PL spectra of BCN thin films deposited at gas flow ratio of N2/Ar =1 and at 200°C
deposition temperature

Two strong photoluminescence peaks are identified at 498 nm (2.49 eV) and 599 nm (2.07 eV)
respectively for an excitation of 365 nm. The peak at 498 nm belongs to blue-green spectrum and

599 nm belongs to orange-red spectrum. Similar peak can be found for BCN related compounds
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like SICBN thin film, which shows a blue spectrum at 465 nm (2.67 eV) [120]. Watanabe et.al
reported a strong photoluminescence spectra at 2.06 eV (600 nm) corresponds to BC2N p-type
semiconductor [107]. Jian et.al reported PL phenomenon of BCN fibers in both strong UV and
visible light luminescence at 370nm and 700nm for an excitation of 310 nm (4.0 eV) [108]. PL
peaks obtained in this study are narrow and distinct, which signifies that BCN deposited by
sputtering has less impurities or defects. Therefore less non-radiative recombination occurs, which
further leads to desirable PL properties. The BCN film in this study was amorphous in nature and
from literatures it is observed that BCN in fiber and nanotubes form will have an added advantage
of quantum confinement effect, which increases the PL peak energies by a great factor. We can
possibly deduce that BCN films synthesized with variable elemental composition is a good

candidate for a wide range of PL and photo detection capabilities.
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Figure 4.34: 1V characteristics of AI-BCN-Au MIM devices showing dark and UV photocurrent

Figure 4.34 shows the dark and UV photo current at room temperature for Au-BCN-AI

photodetector measured as a function of bias voltage in the range of -3V to 3V. A UV photo
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response of two orders of magnitude higher with respect to dark current response is achieved.
Nesladek et.al reported similar photo responses for BCN films by measuring the photocurrent
[121]. When illuminated under the UV source with increasing device voltage, the photocurrent
increases. This is because with increasing voltage, the electric field between the electrodes
increases gradually, as a result the carrier drift rate rises, which shortens the transit time, therefore
the probability of carrier recombination decreases and the photocurrent increases [122]. The photo

responsivity (R) of the detector is given by [123].

_p _mq NA(um)
Pin ~ hf 1.24

AW

Where Ip is photocurrent, Pin is power due to light irradiation, n is quantum efficiency of the
detector, q is electric charge, h is Planck’s constant, f and A are frequency and wavelength of the
optical signal respectively. Under 365nm illumination and 3V applied bias, the maximum photo
responsivity of the device was found to be 6 mA/W. The dark current for the AI-BCN diode was
found to be about two orders higher in magnitude as compared to the BCN-Au diode. Its
corresponding UV responsivity also reduced from 6 mA/W to 70.8 puA/W since Au has a higher

work function (5.1 eV) as compared to Al (4.28 eV) [124, 125].
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CONCLUSION

BCN thin films were deposited successfully by RF magnetron sputtering from B4C target in argon

and nitrogen gas ambient. BCN thin films were deposited successfully by dual magnetron DC and
RF sputtering from B4C /BN and C/BN targets in an N2/Ar ambient. Variations in BCN chemical
composition and chemical bonding produced by sputtering with different N2/Ar ratios and DC/RF
bias were investigated using XPS and FTIR and correlated to other physical, dielectric and
mechanical properties such as mass density, dielectric constant, Young’s modulus and hardness.
Depending on the specific targets utilized, sputtering in pure Ar was observed to produce either
carbon rich (C/BN targets) or boron rich (B4C /BN targets) BCN films with mass densities of 2.4—
2.5 g/cm3 that approached the theoretical mass density for B4C (2.5 g/cm3). In nano-indentation

Measurements, these same films exhibited high values of Young’s modulus and hardness of ~285

GPa and 30-40 GPa, respectively. The addition of N2 to the Ar working gas lead to the
incorporation of significantly more N (20-45%) and the formation of predominantly sp?/h-BCN
structured films. The higher nitrogen content films exhibited reduced mass densities (2.0-2.1
g/cm3), low dielectric constants (3.9—4.6) and reduced values of Young’s modulus (100-150 GPa)
and hardness (6-13 GPa). Based on additional experiments varying the DC and RF biases, it was

concluded that ~ 20% nitrogen is a possible threshold for achieving BCN films with either high

mechanical properties or electrically insulating properties with a low dielectric constant. The
deposition rate tends to show an increasing trend with an increase in RF power to BN target while
keeping DC power to the BC target constant but maintains a constant trend with an increase in DC

power to BC target keeping RF power to BN target constant. The BCN films deposited at various
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substrate deposition temperatures show a decreasing trend and tends to increase at 400 °C. The
deposition rate of BCN films deposited at various N2/Ar gas flow ratios and 20 W DC power tends
to show a decreasing trend for N2/Ar gas ratio of 0.25 to 0.75 but shows an increasing trend towards
the end. For the BCN films deposited at 40W DC, no clear trend is observed. XPS analyses reveal
a distinct BCN phase formation for the BCN films deposited at both 20 W and 40 W B4C and
various N2/Ar gas flow ratios and temperatures. From N1s peak it can be deduced that BCN films
deposited at 20 W DC power have a constant BN peak with an increase in N2/Ar gas flow ratio
whereas in BCN films deposited at 40WDC, N1s peak shift towards higher binding energy,
indicating a higher concentration in carbon. Higher concentration of sp?>-NC bonds can be seen. In
the case of C1s peak, the BCN films deposited at 20 W DC power; it shows an overall decreasing
trend for B—C peak but remains fairly constant for BCN films deposited at 40 W DC power. The
broadening of C—N peak is found towards the higher No/Ar gas flow ratio deposited films and
becomes prominent at No/Ar gas flow ratio = 1 for films deposited at 20 W DC power whereas the
C-N peak slightly shifts towards lower energy for higher gas flow ratio hinting lower
concentration of C. B1s narrow spectra provide a good understanding on BCN characteristics. A
clear BCN peak formation can be observed in the BCN films deposited all the parameters. The
BCN peak is observed to show an increasing trend for 20W DC deposition while the BN peak
remains fairly constant. For the films deposited at 40 W DC power, the BCN peak broadens with
an increase in N2/Ar gas flow ratio being a prominent peak at N2/Ar gas ratio of 1. Clearer BCN
peaks can be observed for films deposited at 40 W as compared with films deposited at 20W.
Optical characteristics are moderately dependent on the N2/Ar gas flow ratio and various other
parameters like deposition temperatures and target power. The transmission increases with
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increase in No/Ar gas flow ratio from 0.25 to 0.75 with No/Ar = 1 showing least transmission. The
optical band gap increases with increase in N2/Ar gas flow ratios for all the temperature ranges but
a decreasing trend at N2/Ar = 1 for 200 and 400 °C is observed. The BCN films deposited at 200
°C showed the highest band gap range and the films deposited at room temperature showed least
optical band gap range. The films deposited at 20W DC resulted in higher band gap values than
40W DC target power. The highest band gap achieved is 3.7 eV for BCN films deposited at No/Ar
= 0.75 and lowest band gap achieved is 1.9 eV for BCN film which is as-deposited at No/Ar =
0.25. The increase in optical band gap can be attributed to the increase in nitrogen concentration.
BCN being a low-k material with a high density can be a potential inter-dielectric layer with copper
interconnects. This work shows that even annealing the film in the range of 200-400°C has
minimal copper diffusion effects in the BCN films. The films deposited at higher N2/Ar ratio
yielded higher boron concentration. The films with higher boron concentration showed marginal
increase in copper diffusion compared to lower concentration films. A common aluminum etchant
was used to etch these samples at different temperature conditions and their subsequent activation
energies (Ea) and pre-exponential factors (Ro) were calculated using Arrhenius plots. Room
temperature deposited BCN film at N2/Ar = 0.25 was found to have the highest etch rate of 231.6
A/min. Boron rich films with significant amount of carbon showed B4C like characteristics, hence
the overall etch rate decreased drastically and they became more temperature dependent reactions

yielding very high values of Ro and Ea. BCN films deposited at 200-C showed the highest
temperature dependent reaction among others, and they have a high Ea (~0.9 eV) and Ro (1016
A/min). Films deposited at 300-C showed the lowest etch rate in the range of (~11-13 A/min).

BCN has a wide range of reaction kinetics with respect to different elemental compositions due to
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the various deposition parameters involved. This work accounts for workability of common
aluminum etchant as an economic, effective reagent for BCN etching and cleaning in a fabrication
process. BCN MIM structure as a potential UV photo detector for harsh environment applications
was studied. The optoelectronic performance of the BCN MIM device was examined through UV
photocurrent measurements. A good UV photocurrent response of two orders of magnitude higher
with respect to dark current was achieved for the MIM detector using an LED UV source. The
maximum photo responsivity of this photodetector was found to be 6 mA/W. A systematic PL
study of RF sputtered BCN thin was performed. Two sharp PL peaks were observed in the visible
region. The films deposited at 4000C showed the highest PL peak intensity. This was attributed
to the larger crystallites and high surface-to-volumes ratio with less defects in the 400 °C deposited
films. For the first time, NTQ was observed in the BCN thin films deposited at all the substrate
deposition temperatures. This may be due to the introduction of intermediate states or unintentional
donors during low temperature measurements and whose energy difference between the initial and
middle states was comparable to temperature of the system. Thermal excitation of electrons was

deemed negligible in this case, resulting in NTQ property.
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FUTURE WORK

Hydrogen doping studies on dielectric properties of BCN thin films is a good prospective
investigation to begin with. Various groups have shown decrease in the dielectric constants of
many low-k materials with very minimal effects on the material’s surface, electrical, mechanical
and optical properties. It will be interesting and highly significant for the industrial point of view
to reach the absolute low-k dielectric limit of a dense, hard, wideband gap material like BCN.
Numerous surface characterization techniques are required to be performed on hydrogen doped
BCN to assess its capability as a versatile low-k dielectric material. This could prove economical
in the many places such as optics, hard coating industry, aerospace by large and fabrication
industry in particular, as it can fit into different scheme of things. It could be a one stop solution

to various problems such as RC time delay and undesired power dissipation in ULSI circuits.
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