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Abstract

PVD hard ceramic coatings grown via the combined cathodic arc/unbalance
magnetron deposition process were studied using Raman microscopy. Characteristic
spectra from binary, multicomponent, multilayered and superlattice coatings were
acquired to gain knowledge of the solid-state physics associated with Raman
scattering from polycrystalline PVD coatings and to compile a comprehensive
spectral database. Defect-induced first order scattering mechanisms were observed
which gave rise to two pronounced groups of bands related to the acoustical (150-
300cm™) and optical (400-750cm™) parts of the phonon spectrum. Evidence was
gathered to support the theory that the optic modes were mainly due to the vibrations
of the lighter elements and the acoustic modes due to the vibrations of the heavier
elements within the lattice. ,

A study into the deformation and disordering on the Raman spectral bands of PVD
coatings was performed. TiAIN and TiZrN coatings were intentionally damaged via
scratching methods. These scratches were then analysed by Raman mapping, both
across and along, and a detailed spectral interpretation performed. Band broadening
occurred which was related to “phonon relaxation mechanisms” as a direct result of
the breaking up of coating grains resulting in a larger proportion of grain boundaries
per-unit-volume. A direct correlation of the amount of damage with band width was
observed. Band shifts were also found to occur which were due to the stresses caused
by the scratching process. These shifts were found to be the largest at the edges of
scratches. The Raman mapping of “droplets”, a defect inherent to PVD deposition
processes, found that higher compressive stresses and large amounts of disorder
occurred for coating growth onto droplets.

Strategies designed to evaluate the ability of Raman microscopy to monitor the extent
of real wear on cutting tools were evaluated. The removal of a coating layer and
subsequent detection of a base layer proved successful. This was then expanded to
real wear situations in which tools were monitored after 3,6,12,64,120 and 130
minutes-in-cut. A PCA chemometrics model able to distinguish between component
layers and oxides was developed.

Raman microscopy was found to provide structural and compositional information on
oxide scales formed on the surfaces of heat-treated coatings. Wear debris, generated
as a consequence of sliding wear tests on various coatings, was also found to be
primarily oxide products. The comparison of the oxide types within the debris to
those formed on the surface of the same coating statically oxidised, facilitated a
contact temperature during sliding to be estimated.

Raman microscopy, owing to the piezo-spectroscopic effect, is sensitive to stress
levels. The application of Raman microscopy for the determination of residual
compressive stresses within PVD coatings was evaluated. TiAIN/VN superlattice
coatings with engineered stresses ranging -3 to -11.3 GPa were deposited onto SS and
HSS substrates. Subsequent Raman measurements found a correlation coefficient of
0.996 between Raman band position and stress (determined via XRD methods). In
addition, there was also a similar correlation coefficient observed between hardness
and Raman shift (cm™). The application of mechanical stresses on a TIAICIN coating
via a stress rig was investigated and tensile and compressive shifts were observed.









Chapter1  Introduction

1.1  Objectives and Aims

The principal aim of this research was to investigate how the application of Raman
microscopy to the analysis of PVD deposited hard coatings could be beneficial and
complement an already established range of surface specific analytical tools. These
include SEM and TEM, and other techniques such as X-ray diffraction, GDOES
(Glow Discharge Optical Emission Spectroscopy), along with a range of physical
testing equipment such as scratch testing, Pin-on-Disk, ball cratering and various
indentation techniques. A gap was evident which Raman microscopy could
potentially fill. The technique gives molecular information, a feature which none of
the above-mentioned techniques could yield. In addition, Raman miéroscopy has
additional desirable attributes, for example; it is non-destructive, rapid and requires

very little sample preparation.

An understanding of the phenomenon of Raman scattering from ceramic hard
coatings was sought. Only a handful of authors[1-4] had previously performed
Raman spectroscopy on similar systems, the majority of work being concentrated on
the analysis of TiN and other first-generation binary coatings e.g. ZrN and AIN.
Second-generation multi-component coatings or the more advanced structured

coatings i.e. multi-layered or superlattice coatings had not been explored.

It is well known that Raman spectroscopy can discern the effects of
disorder/crystallinity in materials[5-9] via bandwidths and also changes in the stress

state via spectral shifts. This has been performed routinely for polymer[10,11] and



various fibre types[12-14], ceramic materials[15] but not for ceramic hard coatings.
There was therefore a definite niche for this type of research. Accordingly the study
of spectral changes due to deformation and disorder on ceramic hard coating was
investigated. Following on from this, changes in the Raman spectra caused by wear
seemed a logical progression, and the development of a Raman based method for the
quantification of the amount of wear on commercial cutting tools e.g. end mills, was
performed. Included in this section was the development of a qualitative
chemometrics model to enable distinction between similar coating spectra and oxides

that occurred on tools in real wear situations.

Another important question that arose from the above work was whether Raman could
measure/quantify coating residual stresses. This is an extremely important parameter
and can affect many coating parameters such as adhesion and hardness. Therefore a
study into the ability of Raman to discern stresses in ceramic hard coatings was
performed. This was then expanded to the design and construction of a stress rig to
study externally applied stresses and eventually to develop a piezo-spectroscopic

calibration for various coating compositions.
1.2 The PVD (Physical Vapour Deposition) Coating Technique

PVD is a coating deposition process where one or more of the usually metallic
constituents is physically vaporised from a solid (usually from a target) within a
vacuum chamber to form a solid condensate on the substrate surface[16]. There are
four basic types of PVD equipment in use today which all fall into the broad category

of ion plating. The difference between the four is the way in which the source/target



material is vaporised (either evaporation or sputtering), the way the plasma is created,
and the makeup of the plasma[17]. The four PVD hard coating techniques are low-
voltage electron beam evaporation, cathodic arc deposition, triode high-voltage

electron beam evaporation, and (most recently) unbalanced magnetron sputtering[18].

All of the above coating techniques are reactive processes. The metal species is
vaporised from a target and a gas is fed into the coating chamber that then reacts with
the metal species to form the desired compound, e.g., the use of titanium targets and a

reactive gas of N, would result in the formation of TiN on the substrates.

The two processes that will be detailed further are cathodic arc and magnetron
sputtering as these are the processes utilised by the Bodycote-SHU coating centre
which was the source of all the coatings studied in this thesis. The collaboration of
SHU, through the Materials Research Institute (Surface Engineering Group), with
Bodycote PLC has resulted in a new commercial venture. Accommodation, personnel
and technology are shared between the partners and successful cutting edge coating
technology is transferred directly from R & D to production and is monitored as it

moves directly into industrial applications.



1.2.1 Cathodic Arc Etching/Deposition

Cathodic arc processes use an electric arc which flash evaporates material from the
surface of the target. As the evaporating material passes through the arc it becomes
highly ionised. Estimates put the degree of ionisation as high as 90%. A high
proportion of the reactive gas species is also ionised[17]. A potential problem with
conventional cathodic arc processes is that they produc;,e “macropartiéles” or
“droplets”, which are particles of pure metal ejected from the surface of the target that
become embedded in the coating structure. Cathodic arc discharges are also
commonly used as metal ion sources to carry out, in vacuo, the pre-cleaning
procedure in cathodic arc evaporation and combined cathodic arc(CA)/unbalanced
magnetron processes(UBM)[18] which combined is given by the acronym ABS™
(Arc Bond Sputtering). By polarising the substrates with a negative bias voltage,
typically —1200 V, metal ions generated during the vigorous evaporation of target
material by CA initiate high “in vacuo” etching rates. In addition to this a proportion
of the ions becomé implanted into the substrate material resulting in the formation of
a graded substrate interface zone enriched with the elemental target species. Both the
above effects have been shown to enhance practical adhesion, as measured by a
scratch adhesion test[18]. During this etching step, “droplets” are generated. On top
of which, “growth defects” are generated during the UBM sputtering phase, which

extend through the growing film[18] (Figure 1.1: Petrov and Lobischler [19-21]).
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surface[16]. During cathodic arc metal-ion-etching a pronounced influence of the
melting point of the target material on droplet formation was found[20,21]. Low
melting point materials showed quite enhanced tendency to generate droplets with
respect to number and size. The use of etching materials with high melting points e.g.
Cr (1870°C) or Nb (2450°C) reduced the number and size of droplets on the etched
samples, as well as the number of subsequent growth defects in the UBM deposited

films.

Filtering or steering the arc evaporation process greatly reduces or eliminates the
macroparticle problem, but there can be a reduction in the deposition rate when these

techniques are applied.
1.2.2 Magnetron Sputtering

Conventional magnetron sputtering does not supply a dense plasma in the substrate
region and is tightly confined to the face of the cathode[17]. Very little plasma
expands into the region where the substrates are placed. For many applications where
ion-bombardment can lead to damage in the film, such as in micro-electronic
applications, this tight confinement is beneficial, but where high substrate ion
bombardment is necessary, as with ceramic hard coatings, conventional magnetron
sputtering does not supply the desired flux of ions. It was not until the magnetron
cathode was unbalanced[22] that high substrate ion current densities of the order of

5 mAcm™ were found, (which matched those found in other successful PVD coating
processes), that magnetron sputtering technology was realised. The effect of the

unbalanced magnetic field is to trap the fast secondary electrons that escape from the



target surface. It is these electrons that undergo ionising collisions with gas atoms
away from the target surface and produce a secondary plasma that can form in the
region of the substrate. Ions from this secondary plasma are attracted to the
negatively biased substrates, and this ion bombardment controls many of the
properties of the growing film. The most efficient way of trapping fast secondary
electrons is to arrange the magnets in the cathodes such that the magnets that face
each other have opposite polarities, the magnetic fields close or link up with one
another, forming an efficient three-dimensional trap. UBM systems with more than
two cathodes like the Hauzer Technb Coating Europe B.V HTC 1000-4 ABS PVD
coating unit used by the Bodycote-SHU coating centre, (Figure 1.3 below), also
require that the magnetic field lines from each cathode link up with the next nearest
cathode to achieve good trapping of electrons. The magnetic trap is closed effectively
in a multicathode system only when there is an even number of cathodes. Odd

numbers of cathodes lead to a hole from which electrons can escape[23].

Steps Involved
i) Pump down to ~ 6.5 x 10° mbar and
heating to ~400°C
i) Metal ion etch e.g. Ti or Cr ions

1ii) Reactive deposition e.g. TiN

v) Cool down and venting

N.B. N and S: north and south poles of the permanent and the electromagnets
(For a brief description of their use, see below).

Figure 1.3 Schematic cross-section of the combined arc-magnetron (Hauzer B.V
HTC 1000-4 ABS multi-cathode) PVD coating unit[37]



The magnets positioned directly behind the targets are for sputter mode or
alternatively they maybe withdrawn for steered arc mode. The unbalancing effect is

achieved using the electromagnets displaced around each cathode.

Magnetron sputtering has developed rapidly over the last decade to the point where it
has become established as the process of choice for the deposition of a wide variety of
industrially important coatings[24]. In many cases, magnetron sputtered films now
out perform films deposited by other PVD processes, and can offer the same

functionality as much thicker films produced by other surface coating procedures.

1.2.3 Substrate Ion Bombardment

The ion bombardment during the growth of the film provides energy to the atoms
arriving at the surface of the growing film, allowing them to move around on the
surface and find energetically favourable sites. This ion bombardment also results in
re-sputtering and forward sputtering of the surface atoms. The sputtering then fills
voids that would naturally occur along the columnar grains from shadowing effects.
. Forward sputtering places atoms in interstitial sites, which results in compressive
residual stresses in the PVD coatings. Ion bombardment of the growing film results‘
| in energy being transferred to the film and substrate, and energy or heat is beneficial
to the properties of the hard coatings. For tool steel substrates, the coating process
typically operates at a substrate temperature of 450°C, but for other engineering alloys
such a high coating temperature results in a softening of the substrate during coating.

Too much ion bombardment can result in overheating the substrate that becomes more



critical as the application for hard coatings moves away from the more traditional tool

coatings.

All these factors have to be taken into account before achieving hard, dense and well-

adhered coatings.

1.2.4 Influence of Deposition Parameters on the Properties and the

Microstructure of Magnetron Deposited Coatings

During the PVD process, the film material is usually deposited atom by atom on a
substrate by condensation from the vapour phase to the solid. The condensation step
cannot be considered as a random impingement of atoms, which stick on the growing
surface at the point of impact, due to the development of interatomic
attractive/repulsive forces, thermal mobility and surface defects. A four stage
dynamic process generally occurs. First, the nucleation of single atoms on the surface
occurs. These atoms then join together to form islands and the islands then coalesce.
Finally, the continuous growth of the film takes place. If the atoms are deposited at a
low substrate temperature the condensed atoms do not have sufficient kinetic energy
and surface mobility to reach positions that are favourable i.e. of lower potential
energy. Similarly for high deposition rates, the adatoms have insufficient time to find

low energy sites before additional layers bury them.

The relationship between the substrate temperature and the microstructure can be
represented by a STRUCTURE ZONE MODEL (Movchan and Demchishin Figure

1.4, [25]).
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gas, producing the desired compound. These coating types were developed first due
to their rélative ease of deposition. Much of the development in PVD coatings has
been aimed at tooling applications, but most can be used in many different
applications. A good example of this is TiN itself. It was first used on tools, but
today it is used for tribological coatings, anticorrosion, microelectronic, and

decorative applications.

Work on improving TiN has in the past concentrated on adding additional elements to
the compound, e.g. Al, Cr and Y, to make a multicomponent compound with three or
more constituent elements. These are not always metallic elements as carbon within
the lattice can give desirable properties especially for tribological applications as the

carbon can act as a solid lubricant[26].
1.3.2 Multicomponent Coatings

Adding the new element(s) changes the properties of the coatings such that the new
coatings can operate at higher temperatures or are more wear resistant. TiAIN and
TiCN are good examples of this. Many workers have been involved in the

- development of TiAIN coatings [27-29]. They have shown that the cubic NaCl
structlire is maintained as aluminium and is substituted for titanium in TiN to form
TiAIN until the ratio exceeds approximately 1:1. This substitution is known to be at
random from XRD measurements. Additional reflections would be observed if this

substitution lead to an ordered system. Figure 1.5 (below) shows the TiAIN unit cell.

11
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Figure 1.6 TGA trace demonstrating Al, Cr and Y all increase oxidation resistance
when incorporated in the TiN lattice

1.3.3 Multilayered and Superlattice Coatings

Holleck, in his work designed to improve hard coatings[32-34], recommended that
PVD coatings be deposited as a series of alternating layers of two coatings. He also
suggested that such a multilayer would have added toughness and hardness (compared
to single-component coatings) because favourable low-energy interfaces would be
effective in dissipating energy within the layers, as long as there was coherency at the
interfaces. A relatively recent idea for multilayer PVD coatings that has proved
successful was that of “superlattice” coatings. Holleck and Schier[34] classified them
as “Isostructural single layer materials, similar in chemical bonding, similar atomic
radii and lattice distances and a single layer thickness in the size of lattice
dimensions”. “If these conditions are met, entirely new materials, with properties and
characteristics not directly related to the individual layer materials result”. There is

usually a large increase in hardness and strength when the multilayer superlattice

13
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difference the better. Another favourable property is higher crack propagation
resistance. The mechanism for this is thought to be due to a crack deflection process
in which cracks are deflected along the multilayer interfaces similar to delamination
where a number of layers are lost, as opposed to cracks in monolithic coatings which

propagate to the substrate and result in coating failure.

PVD processes are well suited to deposit multilayer coatings in the range 100 to 1500
individual layers, resulting in high fractions of interface volume, allowing strength
and toughness of the coating to be adjusted. Proper materials -selection and the

- adjustment of number and thickness of the single layers[36,37] as well as the stress
and strain of the coating contribute to an exceptionally high wear reduction for many

applications[34].
1.4  The Applications of PVD Coatings

PVD coatings possess many favourable physical parameters such as hardness,
aesthetically pleasing appearance, wear resistance, oxidation resistance, chemical

inertness, wide-band-gap etc. These all lend PVD coatings to a variety of uses.

The obvious application for PVD hard coatings is for wear resistance and protection
of cutting tools for the automotive and aerospace industries. Today there are three
primary PVD tool coatings TiN, TiCN and Ti( 5)Al.5)N. In addition there are slight
modifications of the TiAIN by addition of small amounts of othef elements to further
enhance the properties. There are also other coatings such as ZrN, TiZrN, diamond-

like-carbon (DLC) that can be used also but are not as popular as the aforementioned.

15



TiN, the first really successful PVD tool coating, is the most universal tool coating
and traditionally has been tried before all othe} coatings because it is easiest to apply
(and cheapest). It can be applied by all four PVD tool coating processes, and PVD
" TiN is a fully dense, very hard (2200HK) coating with a very pleasing gold-like
colour. PVD TiN was first used on HSS tooling because it could be applied below
500°C (the temperature at which most HSS starts to soften). The advantages of PVD
TiN soon became apparent to the cemented carbide indusﬁy, and in 1985 the first
PVD TiN coated cemented carbide cutting tool inserts were introduced for milling
applications [23]. For carbide tooling, the lower PVD deposition temperature
prevented the formation of brittle phases. Also the PVD coatings can be applied to
sharp edges, unlike CVD coatings[38]. TiCN is produced commercially today using
all four PVD processes. Titanium is vaporised either by evaporation or sputtering and
two reactive gases, nitrogen and methané, are used to combine with Ti to form TiCN.
TiCN offers better wear resistance and toughness than TiN in high speed milling
applications and in cutting some abrasive materials such as cast iron or aluminium-
silicon[23]. Ti.5)Ako.5)N was first developed and used in Europe[27,28], but quickly
spread across the world. This performed better than both TiN and TiCN because of
its higher oxidation resistance at >700°C. Also an amorphous layer of Al,0; forms on
the surface of the coating that prevents degradation of the coating. It is usually made
by sputtering targets of 50-50 at % titanium and aluminium (made from a mechanical
alloying process from powders or by casting a TiAl intermetallic material). Another
example of tooling applications is TiN-coated HSS circular saw blades for machining
tool steel[39]. There are still, however, problems in making low friction coatings that
are oxidation résistant, which is important for high-speed-cutting in order to decrease

the torque on the spindle. The addition of carbon-enriched layers in TiAIN has shown
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much promise in high temperature and high-speed-cutting applications because of a
reduction in the friction coefficient due to carbon diffusion to the surface, the fine

grain size and high hardness[40].

Other applications include (1) coatings for die-casting dies to protect the steel surface
from erosion and soldering of aluminium and improve the resistance against thermal
cracking[41], (2) CryN coatings for piston rings to replace eleptroplated chromium
layers[42] and for méchine parts and moulds for plastic transformation processes to
protect against corrosive agents evaporating from plastics at elevated temperatures
and hard fibres (i.e. for reinforced plastics)[43], (3) TiN as a protective coating for
vacuum deposition chambers to enable ease of removal of soft metals by either
chemical cleaning or glass bead blasting[44] and (4) biocompatible_: coatings such as
DLC, CN and TiN for human prosthetic devices on both metallic and polymeric
substrates (e.g. artificial hip joints)[45,46]. Other fields of application include
electronics[47], reflective coatings and passive diffusion barriers. Another novel
application is for glass moulding applications where the sticking of the molten glass
to the mould can be prevented[48]. The high oxidation resistance and low surface

roughness of TIAICrYN lends itself to this application[48].

17



References

10
11
12
13
14

15

- 16

C.C. Chen, N.T. Liang, W.S. Tse, LY. Chen, J.G. Duh, Chin. J. Phys. 32(2)
(1994) 205.

W. Spengler, R. Kaiser, Solid State Commun. 18 (1976) 881.

W. Spengler, R. Kaiser, A.N. Christensen, G. Muller-Vogt, Phy. Rev. B 17(3)
(1978) 1095.

W. Spengler, R. Kaiser, H. Bilz, Solid State Commun. 17 (1975) 19.

R.K. Islamgaliev, R. Kuzel, ED. Orbraztsova, J. Burianek, F. Chmelik and
R.Z. Valiev, Mater. Sci. Eng. A2 49 (1998) 152.

H. Hobert, H. Dunken, R. Menzel, T. Bachmann and W. Wesch, J. Non-cryst.
Solids, 220 (1997) 187.

C. Uzan-Saguy, C Cytermann, R. Brener, V. Richter, M shaanan, R. Kalish,
Appl. Phys. Lett. 67 (1995) 1194.

R. Kalish, A. Reznik, K.W. Nugent and S. Prawer, Nuc. Instr. Meth. Phys.
Res. B 148 (1999) 626.

G. Pezzotti, Comp. Sci. Techno. 59 (1999) 821.

T. Kitagawa, K. Yabuki and R.J. Young, Polymer 42 (2001) 2101.

Y.-N. Wang, C. Galiotis and D.L. Bader, J. of Biomechanics, 33 (2000) 483.
X. Yang and R.J. Young, British Ceramic Transactions 93(1) (1994) 1.

X. Yang and R.J. Young, Composites 25(7) (1994) 488.

S. Narayanan and L.S. Schadler, Comp. Sci. Technol. 59 (1999) 1589.

I. De Wolf, G. Pozzat, K. Pinardi, D.J. Howard, M. Ignat , S.C. Jain and H.E.

| Maes, Microelectron. Reliab., 36(11/12) (1996) 1751.

K.S. Fancey, A.Matthews Surf. Coat. Technol. 33(1-4) (1987) 17.

18



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

W-.D. Sproul, J. Vac. Sci. Technol. A12 4(1) (1994) 1595.

W-.D. Miinz, Surf. Coat. Technol. 48 (1991) 81.

L Petriv, P. Losbichler, D. Bergstrom, J.E. Greene, W-.D. Miinz, T. Hurkmans

and T. Trinh, Thin Solid Films 302 (1997) 179

W-.D. Miinz, 1.J. Smith, D.B. Lewis and S. Creasey, Vacuum 48(5) (1997)
473.

S. Creasey, D.B. Lewis, 1.J. Smith and W-.D. Miinz, Surf. Coat. Technol.
97(1-3) (1997) 163. |

B. Window and N. Savrides, J. Vac. Sci. Technol. A 4 (1986) 196.

W.D. Sprbul, Surf. Coat. Technol. 81 (1996) 1.

P.J. Kelly and R.D. Arnell, Vacuum 56 (2000) 159-172.

B.A. Movchan and A.V. Demchishin, Phys. Met. 28 (1969) 83.
C.P.Constable, J. Yarwood, P. Hovsepian, L.A. Donohue, D.B. Lewis and
W.D. Miinz, J. Vac. Sci. Technol. A 18(4) (2000) 1681.

O. Knotek, M. Bohmer and T. Leyendecker, J. Vac. Sci. Technol. A 4 (1986)
2695.

W-.D. Miinz, J. Vac. Sci. Technol. A 4 (1986) 2717.

D. Mclintyre, J.E. Greene, G. Héikansson, J-.E. Sundgreen and W-.D. Miinz, J.
Appl. Phys. 67 (1990) 1542.

LJ. Smith, D. Gillibrand, J.S. Brooks, W-.D. Miinz, S. Harvey, R. Goodwin,
Surf. Coat. Technol. 90 (1997) 164.

D.B. Lewis, L.A. Donohue, M. Lemke, W-.D. Miinz, R. Kuzel Jr., V. Valvodo
and C.J. Bloinﬁeld, Surf. Coat. Technol. 114 (1999) 187.

H. Holleck, J. Vac. Sci. Technol. A 4 (1986) 2661.

H. Holleck, J. Vac. Sci. Technol. 36 (1988) 151.

19



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

H. Holleck and V. Schier, Surf. Coat. Technol. 76-77 (1995) 328.
Q. Luo, W.M. Rainforth, L.A. Donohue, I. Wadsworth and W.D. Miinz,

Vacuum 53 (1999) 123.

LA Donohue, J. Cawley, D.B. Lewis, J.S. Brooks and W-.D. Miinz, Surf.

Coat. Technol. 76-77 (1995) 149.

W.-D. Miinz, L.A. Donohue. P.Eh. Hovsepian, Surf. Coat. Technol. 125
(2000) 269.

W. Sproul, Cutting Tool Eng., 46(1) (1994) 52.

D.B. Lewis, S.R. Bradbury and M.Sarwar, Surf. Coat. Technol. 82 (1996) 187.
Jorg Neidhardt, Diploma Thesis “Comparison of Structure and Properties of
.Van'ous Carbon-Enriched TiN, TiAIN Based Coating Systems”, Sheffield
Hallam University, Materials Research Institute 1999.

C. Mitterer, F. Holler, F. Ustel and D. Heim, Surf. Coat. Technol. 125 (2000)
233.

C. Friedrich, G. Berg, E. Broszeit, F Rick and J. Holland, Surf. Coat. Technol.
97 (1997) 661. |

L. Cunha, M. Andritschky, K. Pischow and Z. Wang, Thin Solid Films 355-
356 (1999) 465.

S. Komiya, N. Umezu and C. Hayashi, Thin Solid Fils 63 (1979) 341.

J. Narayan, W.D. Fan, R.J. Narayan, P. Tiwari and H.H. Stadelmaier Mater.
Sci. Eng. B25 (1994) 5.

R.J. Narayan, Q. Wei, A.K. Sharma, J.J. Cuomo and J. Narayan, Mat. Res.
Symp. Proc. 526 (1998) 355.

L.E. McNeil, J. Am. Ceram. Soc. 76(5) (1993) 1132.

G. Kleer, W. Doell, Surf. Coat. Technol., 94-95 (1997) 647.

20



Chapter 2

Raman Spectroscopy



Chapter 2: Raman Spectroscopy

2.1: Introduction and History

The Raman effect was first predicted theoretically by Brillouin[1] in 1922 and then by
‘Smekal in 1923[2]. Raman and Krishnan however made the first experimental
observation in 1928[3]. They discovered that the (visible) wavelength of a small
fraction of the radiation scattered by certain molecules differs from that of the
incident beam and furthermore that the shifts in wavelength depend on chemical
structure of the molecule responsible for the scattering. C.V. Raman was awarded the
1931 Nobel Prize for Physics for the discovery and exploration of the phenomenon
[4]. Initially there was a great deal of excitement at this new discovery. This soon
diminished, as technologies at the time were not advanced enough to gain a
reasonable throughput. It was not until the late 50’s and early 60’s with the invention
of Lasers that progress was made. Since then there have been a steady stream of
technological advancements that have benefited Raman spectroscopy. These include
holographic notch filters and véty sensitive charge coupled device detectors (CCDs).
The coupling of a Raman spectrometer with an optical microscope was then
implemented[5] resulting in a Raman microscope which enables the user to obtain
high quality spectra from micrometer-sized particles[5,6]. These advances have
resulted in many more research groups and commercial companies realising the

potential of Raman microscopy (see section 2.3).

Raman microscopy today is still primarily considered as a research tool. However, as
technology continues to improve the technique will find a greater part to play in

industry (for an example see chapter 5 (section 5.2)).
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2.2 The Raman Effect

When a substance is irradiated with a monochromatic beam of laser light, most of the
photons are scattered elastically with no change in frequency. This is termed
Rayleigh scattering and is >99% of all the scattered light. A very small proportion of
the incident photons (<0.1%) are scattered inelastically and either gains energy (anti-
Stokes; the resultant scattered photons are higher in frequency than the incident
radiation) or loses energy (Stokes; the resultant scattered photons are lower in
frequency (see figure 2.2)). Therefore a spectrum, featuring a set of bands at
particular frequencies characteristic of the substance under investigation, results.
Figure 2.1 (below) shows the above processes schematically. In addition to the above
processes much of the light can be reflected without interaction. This is especially the

case for materials with metallic properties.

INCIDENT PHOTON
(LASER)

Vg~ 20,000 cni? (600nm)

FLUORESCENCE | RAYLEIGH SCATTERING (>99%)
Vo

I\ &' RAMAN SCATTERING {<1%)
sawpe (Vo * Vyin)
SUBSTRATE ~1000 cm™

Figure 2.1 Schematic representation of the different phenomena that occur when
laser light is incident on a sample. (N.B. fluorescence is discussed in section 2.2.4.2
of this chapter)
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2.2.1 Classical Theory of Raman Scattering

When émolecule is placed in an electric field, there is a change in the distribution of
electrons within the electron cloud surrounding the molecule i.e. the shape is changed.
This is due to the electrons being displaced in the direction of the positive pole of the
field and the predominantly positive nucleus being attracted to the negative pole. This

separation of charge results in an induced dipole moment. This dipole moment, z, is
proportional to the electric field strength, £, and the polarisability of the molecule in
question, & .

“U=a € Equation 1
The magnitude of g is dependent on the ease to which the electron cloud is displaced
relative to its nucleus and can be represented as an ellipsoid.
A fluctuating applied electric field will produce a fluctuating dipole moment at the
same frequency. The oscillating electric field may be expressed as:

&= gtcos2mv, o Equation 2

Where ¢&*= electric field at time #

v, = angular frequency of the radiation

This induced dipole will scatter radiation of frequency v, i.e. Rayleigh scattering.
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If we consider a diatomic molecule that vibrates with a frequency of, v,;,,
performing simple harmonic vibrations, then a coordinate g,,, along the axis of

~ vibration at time, ¢, is given by:

qup = q,COS27T U ;1 Equation 3

If the polarisability changes during the vibration, its value for a small amplitude is

given by:

a=a°+[ﬁa
J4q

vib

] 9. | Equation 4
0

Substitution of Equation 3 in Equation 4 yields:

a
] q,C0827r Ut Equation §

a=a°+[
8 4,5)o

If the incident radiation of frequency v, interacts with the molecule then from

Equation 1 and 2:
U =0 £=a &Cos2ruyt , Equation 6

Substitution of Equation 5 in Equation 6 yields:
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a .
]50 q,08270,,tcos2av,t  Equation 7

Vi
U =a%cos2ru,t +
9uso

This can also be written:

H =0 cos2ruyt +‘E’ z L&;q"[ms%(l)o—vwb )1+ m327(vo- Vs )t]

9vis

Equation 8

The first term describes Rayleigh scattering and the remaining terms describe Raman

scattering.

Therefore for Raman scattering to occur there must be a change in the polarisability

during any given vibration i.e.

E a
Goiv

2.2.2 Quantum Mechanical Theory

#0 : Equation 9

0

This approach recognises that the vibration energy of a molecule is quantised.
Photons of light of frequency, v, can be scattered by a molecule elastically or
inelastically (Figure 2.2 shows an energy level diagram for Raman and Rayleigh

scattering effects). Each vibration can be characterised by an energy, ;.
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E,, = hv(v+1/2) (For a Simple Harmonic Oscillator) Equation 10

Where v is the vibrational quantum number that can take values 0, 1, 2, 3... .etc.
During Raman scattering the molecule/crystal can gain or lose energy i.e. if the
molecule gains energy AE , the photon will be scattered #v — AE , and if the molecule

loses energy the photon will be scattered with energy v+ AE . Shown in diagram

below (Figure 2.2).
_____________ L Virual
______ e . 4 levels
A A
hvo h(vo-hvy)  hvo [ |hvo hvg h(vgtvy)
—] . — S —in SE——

v=3

v=2

Li v=1

¥ Y v=0

Stokes Rayleigh Anti-Stokes

Figure 2.2 Energy level diagram for Raman and Rayleigh scattering effects
according to quantum theory.
Stokes scattering is more intense than anti-Stokes scattering and is mainly used by
today’s vibrational spectroscopy research groups. The intensity difference is due to
the population of energy states at thermal equilibrium i.e. Boltzman distribution.
According to the Boltzman distribution law{7], the ratio of the number of molecules
(N;) in state i, having energy E;, to the number molecules (N;) in state j, having energy

Ej, at thermal equilibrium, is given by:
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s 5
2 Eie M Equation 11
N, g,

gi and g; are the degeneracies of the two states i and j.

At ambient temperature, from (Equation 11), the number of molecules in the ground

state N; will be much greater than that of the excited state N;. For E,-E ) kT, since

the intensity of a transition is proportional to the number of molecules which are in
the state corresponding to the starting point of the transition. Therefore, the incoming

light has a greater probability of interacting with a molecule that is in the ground state.

80000-]

60000

40000

Intensity

20000

LA A B.

-400 -200 0 200 400 600]
Raman Shift (em-1)
Figure 2.3 shows the Stokes, Anti-Stokes and Rayleigh lines from a Silicon wafer.

The majority of the Rayleigh light filtered out by the holographic notch filters in the
Raman system

2.2.3 Selection Rules and Intensities

There are 3N-6 normal modes of vibration for a non-linear molecule and 3N-5 for

linear molecules. However, not all these vibrations will be Raman active. For a
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vibration to be active there must be a change in the polarisability during the vibration

(see Equation 9).

A Group theoretical treatment, in which the symmetry class of a particular molecule is
analysed, is a reliable method for determining whether particular modes are Raman

active[8].

su

) oa
54 (dipole, IR),

It is often quoted that when a molecular vibration has a large 54
(the polarisability, Raman) is small and vice versa. Many vibrations are either strong
in the infrared or Raman, but not both. Although this is not always the case due to
some exceptions, it is still a good “rule of thumb”. Due to these differences in the
selection rules between Raman and IR it is important to acquire both an IR and
Raman spectrum (where possible) to have complete vibrational information on the

target species. Because of this Raman and IR are said to be complementary, not

competitive, techniques.

2.2.4 Problems Associated With Raman Spectroscopy

2.2.4.1 Sensitivity

Sa

The Raman effect is intrinsically very weak, i.e. &

(the da term is a weak).

Because of this, energetic sources and sensitive detectors are necessary. These
requirements have hindered the development of Raman spectroscopy over the years.
It is not until relatively recently (late 80’s) that technology has become available that

has enabled Raman spectroscopy to come into its own and be developed as an
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analytical tool of some merit. The optics (beam expander and Holographic Notch
Filter (HNF)), and components, (Plasma Line Rejection Filter (PLRF)), in
commercial Raman spectrometers available today still, however, reduce the overall
throughput. Take perhaps the most important component; the holographic notch
filters, which can be thought of as wavelength specific mirrors. These remove 99% of
the Rayleigh scattered light but in addition also remove 5% of the Raman scattered
light which reduces the overall S/N. The combined effect of all the optics within the
instrument reduces the overall throughput to around 5-10%[9]. It is only the
powerful/stable lasers and sensitive CCD cameras that allow Raman spectroscopy to
be successfully employed. Enhancement techniques are available. These include
Resonance Raman Spectroscopy, SERS (Surface Enhanced Raman Spectroscopy) and
SERRS (Surface Enhanced Resonance Raman Spectroscopy); the latter able to boost
Raman signals by up to 10° times. Resonance Raman Spectroscopy refers to a
phenomenon in which Raman line intensities are greatly enhanced by excitation with
wavelengths that closely approach that of an electronic absbrption peak of an analyte.
The peaks associated with the most symmetric vibrations are enhanced by a factor of
10% to 10°[4]. Surface enhanced Raman involves obtajning the Raman spectra in the
usual way on samples that are adsorbed on the surface of colloidal metal particles
(usually silver, gold or copper) or on roughened surfaces of the aforementioned
metals. For reasons that are still not fully understood, the Raman line intensities are
often enhanced by a factor of 10° to 10°. When surface enhancement is combined
with the resonance enhancement (SERRS) the net increase in signal is roughly equal
td the product of the intensity produced by each of the techniques[4]. Consequently,

detection limits in the 10" to 101> M have been observed[4].
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2.2.4.2 Fluorescence: The Bain of Raman Spectroscopists!

Fluorescence causes a high background in Raman spectra, which can be so strong as
to completely mask Raman bands. Fluorescence is a phenomenon that is
approximately 10°-10® times more intense than Raman scattering and can be caused
by small amounts of additives/trace impurities. Of course, the sample itself may be
inherently fluorescent such as dyes and some iron containing species such as clays.
and minerals. Fluorescence occurs when the incident ]ight source excites the species
beyond the vibrational energy levels to actual excited electronic states. Decay then
occuré by emission of photons in the visible region. These photons are.
collected/detected in the same way as the Raman scattered photons and generate a

signal on the detector that resembles a high background in the Raman spectrum.

For some samples there is no remedy for fluorescence, but for others there are many
ways to combat this and it is these difficult samples that Raman spectroscopists are
required to use all their experience and skills to overcome. Below are some methods

commonly adopted for reducing fluorescence:

1. Fluorescence “burn-out”: This involves leaving the laser focused onto the
sample for a length of time until the level of fluorescence recedes to an
accepted/workable level. This can in itself cause problems which will be
discussed in 2.2.4.3.

2. Using different excitation wavelengths can reduce fluorescence. Using Ultra-
Violet wavelengths moves away from exciting fluorescence as the Raman

shifted light is always relative to the excitation wavelength, whereas the
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fluorescence for a particular species is confined to a particular range of
frequencies. Near infrared lasers also reduce fluorescence because the energy-
per-photon of laser light is lower in energy so less likely to excite fluorescence
(see point 7 (below) for the A effect on Raman scattering).

. Altering instrumental parameters such as simply reducing the laser power,
using a lower magnification objective (larger spot, therefore reducing the
power per-unit-area) and tailoring the acquisition time or accumulating (to
prevent the detector saturating) can sometimes be all that is required to
overcome small amounts of fluorescence.

. Using fluorescence quenching agents or by adding a small amount of water,
where possible, (to defocus the laser light, reduce heating effects and reduce
the overall power density) has been known to reduce fluorescence levels.

. When the background is not severe it is possible to subtract or base-line
correct. These functions are found in many spectral interpretation packages
like Grams 32. For baseline correction, points are placed on the data (i.e. the
real baseline), which has the effect of removing the fluorescence background
below the points. Care must be taken so as not to distort the Raman bands.
Using anti-Stokes Raman scattering as fluorescent scattered light undergoes a
Stoke’s shift (not always feasible, especially for low scattering cross-section
samples).

Use Fourier-transform Raman instruments which use Nd/YAG 1064nm

excitation (near-IR region). Higher-powered lasers are required (50mW) due

‘ . 1 -
to reduced Raman scattering (i.e. / ...,y « — ). This is not a problem, as the
= 24

near-IR radiation does not cause significant photodegradation. The MCT
detectors used for FT-Raman instruments are not as sensitive as the CCD
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detectors used in dispersive instruments but the Fellget advantage does apply
i.e. the sampling time-per-wavelength is much longer than in cdmparison with

dispersive instruments.
2.2.4.3 Sample Degradation

Localised sample heating is possible due to the high power confinement in the small
laser focus/spot (2pm) and thermal degradation and/or polymorphic transitions can
occur, however, carbonisation/degradation usually leaves a brown/black signature.
This can easily be detected by taking an optical micrograph before sample laser
irradiation and then one after and comparing. On the other hand, Witke et al[10]
consider that the sensitivity of certain materials to laser-induced transformation can be
an advantage and lead to additional information on otherwise unidentifiable
amorphous phases that can then be interpreted with greater reliability. Biological
samples are especially prone to laser damage where denaturation can oécur with
relative low laser powers[11]. With high powered lasers (where >10mW is at the
sample) and when short wavelength (i.e. UV) lasers are used, additional measures
may be needed for some samples, (especially ones with a dark colouration). Sample
spinning[12] can be adopted so that the laser is not focussed onto one area for very

long,
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23  Raman Microscopy

2.3.1 History

In 1966, Delhaye and Migeon suggested that laser-excited Raman scéttering could be
used in the analysis of microscopic particles[13]. Hirschfield[14] then outlined some
basic requirements for Raman microprobe spectrometers. The first results of practical
Raman microscopy were presented at the IV™ International Conference on Raman

Spectroscopy in 1974[15,16].
2.3.2 Applications of Raman Microscopy

The coupling of a Raman spectrometer to a conventional thical microscope to yield a
Raman microscope has provided the spectroscopist with a very powerful tool for the
characterisation, study and mapping of materials using high spatial resolution. The
utilisation of Raman microscopy in solid state physics and materials science was
detailed nicely by Lucazeau and Abello[17] who described the study of
heterogeneities in ceramics and thin films, micro-indentation on Si, the
characterisation of Si-Ge layers and in-sit# Raman spectra in plasma assisted CVD
reactors[17]. Raman microscopy has also been used to characterise hard, wide-
bandgap semiconductors (diamond films, GaN, AlyGa; N alloys, AIN, and BN) to
gain information on physical aspects such as stress, temperature and microstructure
which was reviewed by Bergman and Nemanich[18]. The Raman microscopic
analysis of carbonaceous materials also provides a good example of the molecular and
structural information that Raman microscopic analysis can offer by the detailed

analysis of the D (defect) band at ~1300cm™ and the G (graphite) band at ~1550 cm’™.
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The Raman spectrum of carbon/graphite is well known [19-22] and the value of
IipyTitotary can give an idea of the amount of disorder[20] and the type of carbon

material.

Raman microscopy has also been applied to some quite novel analyses, such as
analysis of fluid inclusions in rock and minerals. In the geological context, analysis
of this trapped material can provide vital information to understand the physical and
chemical condition prevalent at the time of crystal growth[23]. Another example is
the identification of gunshot residues[24] which can give information on the
compounds within the residues, especially oﬁdes, which in-turn can identify the gun

and the ammunition type used[25].
2.3.3 Industrial Realisation of Raman Microscopy

Raman microscopy has been successfully applied to a wide range of analyses to
identify contaminants, inhomogeneities and the properties of materials encountered in

industrial production.

Examination of polymer films and fibres has resulted in the identification of inclusion
particle which were picked up during the processing; for example, the identification
of a -Si0, in polyethylene films[26]. In most cases the identification of these
contaminants can result in providing the cause for mechanical failure and help

improve processing.
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The manufacture of microcircuits involves a large number of complicated chemical
processing operations, during which there can be accidental contaminations that may
| impair the functioning of the circuit. Impurities in semi-conductor crystals and
integrated circuits have been analysed[27], and thus has enabled the causes of

contamination to be pin-pointed and eliminated.

The analysis of inclusions and deposits in glass, such as sodium sulphate, have been
performed to yield valuable information about the refining mechanism or causes of

unwanted bubble formation[26].

Raman microscopy has even been utilised for remote analysis utilising fibre optic
probe technology. This means that samples such as DLC coatings for the hard disk
industry[28], to ancient frescos in churches, to chemical and nuclear processes can be
analysed off site. In fact, whatever sample cannot be brought to the laboratory can be
sampled remotely. These systems are rugged, small and totally portable. A detailed
 evaluation of the portable DLC analyser[28] being utilised in industry is given in

chapter 5.2..

24 The Renishaw‘Raman Microscope

The Raman microscopes used in this project were:

Renishaw Raman System 1000: Equipped with 7 82nm excitation from a laser diode:

Used for analysis of fluorescent samples and samples which were prone to laser

damage.
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Renishaw Raman System 2000: Equipped with 514.5nm (Ar" - jon) and 632.8nm
(HeNe) excitation. To enable relatively quick changeover from one source to the
other, the holographic notch filters are “plug and play” i.e. they can quite easily be
exchanged within the instrument. This instrument also has the facility to perform
Raman imaging [29-31], a technique that continues to show promise. This system has
an additional light path (called the imaging path) that has a collection of band pass
filters. Instead of the laser being focussed by the objective to a 2pum spot (with x50
objective) the optics (especially the beam expander) are used to defocus the spot over
a larger area ~200pum’. The scattered light is then collected in the same way as for the
system 1000 but a specific frequency range/band of the analyte in question has been

| chosen by the user and the band pass filter on the imaging path only allows Raman
scattered light of those frequenciés to be transmitted. The information is then |

processed to give an image e.g. black and white contrast.

Both systems can be operated in microprobe and confocal mode. The confocal mode
is a method of improving the spatial resolution especially in the Z-direction which
facilitates depth profiling; for example, of transparent polymer laminates[32].

2.4.1 Description of the Renishaw Raman Microscope

Figure 2.3(below) shows a schematic of the Renishaw Raman System 1000 with the

important components/optics annotated.
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The initial optic within the system is a plasma line rejection filter (PLRF)(labelled 1
on diagram). The majority of gas lasers have strong lines, other than the lasing one.
These need filtering out otherwise they would be detected and mistaken for Raman
bands (unfortunately this filter can lead to a reduction in the intensity of ~50%][9]).
The PLRF filter blocks the unwanted plasma lines from entering the spectrometer but
transmits the main laser line. The first steering mirror (2) sends the monochromatic
light through the beam expander/spatial filter (3) that consists of two objectives and
an aperture. This has two effects: the first is to recollimate any stray laser light and the
other is to expand the beam so that it is optimised to fit down the x50 objective lens.
In microprobe mode, the x20 objective focuses the beam onto the pinhole (not
essential) and then onto a second objective (x4) in order to produce a collimated
beam. The expanded and collimated beam is deflected by mirrors (4 and 5) onto a
holographic notch filter (6). This filter reflects the laser wavelength and the beam
passes into the microscope (7) to be focussed onto the sample (8) using the objectives
x10, x20 (also a x20 Ultra Long Working Distance lens is available), x50 and x100.
The backscattered Raman light (180° configuration) is collected by the objective lens
and returns into the microscope and arrives at the holographic notch filters (6) this
reflects the strong unwanted Rayleigh light back through the instrument and away
from the detection path but transmits the Raman scattered light. The second
holographic notch filter (9) ensures that all the Rayleigh light is removed and
transmits Raman shifted wavelengths. The scattered light arrives at the pre-slit lens
(10) that focuses the Raman light through an adjustable entrance slit (microprobe
mode 50 zm and confocal 10-15 zzm open) (11). A second lens (12) recollimates the
scattered light before a mirrored prism (13) deflects it onto a diffraction grating (14)

that separates the beam into its component wavelengths. The prism deflects the
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dispersed light through a lens (15) on to a CCD (charge coupled device) detector(16)

(NB. The adjustable slit and the CCD detector are used to obtain the confocal set-ub).

2.4.2. Optics/Components

2.4.2.1. Lasers

Three lasers having different wavelengths were available: helium/neon (632.8 nm),
argon ion (514.5 nm) and a diode laser (782 nm). The lasers available have powers
of 25mW that can be reduced to 50, 25, 10 and 1% using neutral density filters. It is
possible to increase the Ar" ion laser power up to 40mW but is inadvisable, as this
would dramatically reduce the lifetime of the laser. These lasers possess different

polarisation (see below).
24.2.1.1 States of Polarisation: Monochromatic radiation

The plane wave that has been considered here propagates along the z-axis and has the
electric vector parallel to the x-axis and the magnetic vector parallel to the y-axis.
Such a wave, and the radiation associated with it, is often described és plane
polarised, but this description is complete only if the plane is defined. Historically,
the plane of p(l)larisation was taken to be the plane containing the direction of
propagation and the magnetic vector. The magnetic vector was then referred to as the
direction of polarisation. A HeNe laser has a horizontal polarisation (resulting in a
east-west orientation of the laser on the sample) since the Ar" and diode lasers have a

vertical polarisation (resulting in a north-south orientation of the laser on the sample).
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2.4.2.2, Holographic Notch Filters (HNFs)

These are expensive but essential components in the Raman microscope. The main
function of the holographic notch filters (HNF) is to remove the Rayleigh and
reflected light. The HNFs can be described as wavelength specific mirr.ors and they
reflect light of a narrow band of wavelengths, with a high degree of efficiency. The
result is a notch in the HNF transmission spectrum. The filters are of photosensitive
organic material sandwiched between transparent substrates. A laser beam is used to
write a hologram into the material to produce sinusoidal variation in the refractive
index through the photosensitive material. The change in refractive index is necessary
to diffract the light. The hologram can be written in order to reflect or reject a narrow

band of wavelengths. |
2.4.2.3. Diffraction Gratings

The diffraction grating disperses/separates spatially the incident polychromatic light
into its constituent wavelengths. The surface of the diffraction grating is made of a
series of, n, parallel lines or "grooves" spaced from each other by the same value, d.
The greater number of grooves-per-millimetre the better the spectral resolution of the -
instrument will be. The gratings used in the Renishaw Raman instruments are
1200g/mm or 1800g/mm, but 2400g/mm are becoming increasingly used as

technology in grating materials improves.
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2.4.2.4 Charged Coupled Device Detectors (CCDs)

CCD devices/chips are composed of semi-conductor material that has a
2-dimensional array of pixels (576 x 384), each pixel is 22 x 22um. The CCD detects
the Raman scattered light by a “photogenerated charge mechanism”. The continuous
extended scanning technique has been clearly explained by Dyer and Smith[33] and

the details are summarised below.
2.4.24.1 Static Exposure

In static mode the spectral “window” is calculated according to the wavelength,
spectral dispersion, focal length and detector dimensions. The grating is rotated such
that the wavelength corresponding to the centre wavenumber shift is positioned in the
centre pixel. After choosing the exposure time, the shutter is opened, the chip is

exposed, the shutter then closes and the charge read off the chip sequentially.
2.4.24.2 Continuous Extended Scanning (CES)

For CES the user determines the scan range limits. Usually the range depends on the
material under investigation, such that, for example, 100-2100cm™ is reasonable for
inorganic and 400-3600cm™ for organic materials. The desired scan range and
exposure time are entered into the software, the grating is rotated such that the lower
Raman shift limit will be incident in the pixel furthest from the output-register which
is along short axis. The shutter is opened, and the grating begins to rotate

continuously towards the higher angle i.e. larger shift and longer wavelength. When
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this occurs, the charge begins to traverse the chip towards the output register. The
time taken for the first wavelength to traverse the chip is equal to the exposure time.
When the last wavelength has finally traversed the chip onto the readout register the
camera shutter closes, the scan finishes and the results are then displayed. During the
scan the grating is moved continuously, synchronised with detector readout. Since
each wavelength in the full spectral range spends the set exposure time traversing the
CCD, and since each wavelength only accrues readout noise once, the multi-channel
advantage of the spectrograph is retained throughout a CE scan. The total exposure
time (Ti) is much larger than the exposure time (T.x) and may be approximated

by[33.]

total scan range ’J
ex

T~ (1 +
(o) average spectralwindowlengt

The CE scan method is superior to that found in alternative technologies because it
overcomes the problems of limited spectral windows, optical misalignment (by not
requiring grating changes or re-calibration) and the splicing of several static regions is
not required which can result in generating severe errors in band shape for “step-n-

stitch” technologies.
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Chapter 3  Investigation of Spectral Origins

3.1 Crystals|[1]

Metals and many non-metallic solids are crystalline, i.e. the constituent atoms are
arranged in a pattern that repeats itself in three dimensions. The actual arrangement
in the material is the crystal structure[1,2]. The crystal structures of most pure metals
are simple; the three most common being body-centred cubic(bcc), face-centred
cubic(fcc) and hexagonal closed packed(hcp) structures but, in contrast, the structures

of alloys and non-metallic solids are quite complex.

A crystal is characterised by a primitive cell or unit cell, which is the smallest unit,
repeated in three dimensions. The crystal is constructed by stacking identical unit
cells face to face in perfect alignment in three dimensions. The position of the
planes, directions, and point sites, in a lattice is describéd by reference to the unit cell

and the three principal axes x, y and z (Figure 3.1: unit cell dimensions)

Z
Tc F Cell Dimensions
OA=a
' OB=b Lattice parameters
DL E oc=c
(BOC =«
(COA=pf  Defines size/shape
(AOB=y
0 \NB' |B .
Any plane A’B’C’ is defined by the
- intercepts OA’, OB’ and OC’ with the three
A principal axes
A G

Figure 3.1 Unit cell
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The usual notation (Miller indices) defining crystal planes is to take the reciprocals of
the ratios of the intercepts to the corresponding unit cell dimensions. Thus, A’B’C’ is

given by

(OA OB %)
04 OB OC'

the planes ABC, ABE, CEA and CEB aré (111),(111),(111),and (111)
respectively and are all planes of the same group/type {111}. Square brackets are
used for direction vectors i.e. the directions CG, AF, DB and EO being [11 11, [T 11],
[T11]and [T T 1] respectively. Any point in a crystal is described by the fractional
displacements of the point from the principal axes relative to the dimensions of the

unit cell. Therefore the centre of the cell (Figure 3.1) is % ,% ,% , points F, E and H are

0,1,1;1,1,1; 7 ,0,0 respectively.

A face-centred cubic structure has atoms situated at the corners of the unit cell/cube

and at the centres of all the cube faces. The atoms touch along the (Oi 1) close-

packed directions, The lattice parameter, a = 2r+/2 . The atoms in the (111) planes
are in the most close-packed arrangement possible and contain three close-packed

directions 60° apart[1].

The chemical and physical properties of crystals depend on the structure of the atoms
and the nature of the atomic binding. Perfect crystals, in which every atom site is
filled and there are no disturbances in thé regular arrangement of atoms, do not exist.
All real crystals contain imperfections that may be point, line, surface or volume

defects, which occur during the nucleation process. Knowledge of the structure of

47



defects and their properties is essential to fully understand all aspects of the properties

of materials.

3.2 Defects in Crystals

3.2.1 Point Defects

All atoms in a perfect crystal/lattice are at specific atomic sites. In metallic like
materials there are two types of point defects that are possible: vacant atomic sites or

vacancy and an interstitial atom. Figure 3.2 shows these defects for a simple cubic

structure.

000000000000
000000000000
00 00g OOOOOO
000 00000000
00 000 0DOOO000
000000000000
000000000000

Figure 3.2 Vacancy and interstitial atom in a plane of a simple cubic lattice

The vacancy has formed by removal of an atom from an atomic site and the interstitial
by the introduction of an atom into a non-atomic site. There is much evidence for
these defects occurring during plastic deformation and high-energy particle
bombardment (as happens during the PVD deposition technique). Also, a high-

density of defects can be generated by rapid quenching from high temperature[1].

48



Impurity atoms in crystals can be considered as point defects and they play an
~ important role in the physical and mechanical properties of all materials. Impurity
atorns can take up two different types of site. (Figure 3.3 shows a substitutional

impurity atom and interstitial impurity atom).

O00000Q0Q0
oooooooqoo

0000000000
0000000000

Figure 3.3 Point defects from impurity atoms

A substitutional defect is when impurity atoms replace atoms of the parent lattice
lying in lattice sites, and an interstitial defect is when an impurity atom creates a
defect at a non-atomic site. All point defects produce a local distortion in the lattice.
The amount of distortion and heﬁce the am(;unt of additional energy in the lattice due
to the defects depends on the amount of “space” between the atoms in the lattice and
the size and number of the atoms introduced. Additional effects are important when
the removal or addition of atoms changes the local electric charge in the lattice. This
is unimportant in metallic crystals with metallic binding, but can be important in
crystals in which the bonding is ionic, such as NaCl shown in Figure 3.4. N.B. the Cl

atoms are larger than Na.
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Each negatively charged chloride ion is surrounded by six nearest neighbours, which
are positively charged sodium ions, and vice versa. The removal of a sodium ionora
chloride ion produces a local positive or negative charge as well as creating a vacant

lattice site.
3.2.2 Grain Boundaries

Crystalline solids usually consist of a large number of randomly oriented grains
separated by grain boundaries. Each grain is a single crystal and contains defects.
When the misorientation between the grains is small the boundary consists of an array

of dislocations and is called a low angle boundary[1].
3.2.3 Defects in PVD Coatings

The Physical Vapour Deposition process results in all of the above-mentioned defects

occurring. PVD coatings are dense polycrystalline materials that usually have
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propagation directions in cubic crystals. When a wave propagates along one of these
directions, entire planes of atoms move in phase with displacements either parallel or
perpendicular to the direction of the wavevector. We can describe with a single
coordinate us the displacement of the plane from its equilibrium position (one
dimensional). For each wavevector there are three modes, one of longitudinal

polarisation (Figure 3.6 (a)) and two of transverse polaxisétion (Figure 3.6 (b)).

Figure 3.6 (A) Dashed lines are planes of atoms when in equilibrium and solid lines
are planes of atoms when displaced as for a longitudinal wave. The coordinate u
measures the displacement of the planes (B) Planes of atoms as displaced during a
passage of a transverse wave (Source [2])

With crystals having more than one atom per primitive cell the vibrational spectrum
shows new features. If we consider two atoms per primitive cell, as in the NﬁCl
structure, for each polarisation mode in a given propagation direction the dispersion
relation @ versus K develops two branches, known as acoustical and optical
branches. There are longitudinal LA and transverse acoustical TA modes, and

longitudinal LO and transverse TO modes. If there are p atoms in the primitive cell,
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there will be 3p branches to the dispersion relation: 3 acoustical branches and 3p-3
optical branches. Thus NaCl will have six branches: one LA, one LO, two TA and
two TO. The number of the branches follows from the number of degrees of freedom
of the atoms. With p atoms in the primitive cell and N primitive cells, there are pN
atoms. Each atom has three degrees of freedom, one for each of the x, y and z
directions, making a total of 3pN degrees of freedom for the crystal. The number of
allowed K values in a single branch is just N for one Brillouin zone. Thus the LA and
the two TA branches have a total of 3N modes, thereby accounting for 3N of the total;
degrees of freedom. The remaining (3p — 3)N degrees of freedom are accommodated
by the optical branches. If we consider a cubic crystal where atoms M; lie on one set

of planes and atoms of mass M; lie on planes interleaved between those of the first set

(see Figure 3.7).
Us.1 Vs Ug vg s+1 Vs+i
> *~—r *—>
K,
° ' .
O O 9 |

Figure 3.7 A diatomic crystal structure with masses M; and M, connected by force
constant C between adjacent planes. The displacements of atoms M; are denoted by
Us.1, Us, Usipand M vg_p, Vs, V51, The repeat unit is a in the direction of the
wavevector K. Atoms are shown in undisplaced positions.(Source{2])

1 1 ) '
2 = — D 7
L ZC( M, + M, Optical branch
2C
0z ——Kd* Acoustical branch

T M+ M,
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We assume that each plane only interacts with its nearest-neighbour planes. The
particle displacements in the transverse acoustical (TA) and transverse optical (TO)

branches are shown in Figure 3.8.

(=)
Acoustical Mode +

Figure 3.8 Transverse optical and transverse acoustical waves in a diatomic linear
lattice (particle displacements for the two modes at the same
wavelength).(source[2])

The atoms vibrate against each other, but their centre of mass is fixed. If two atoms
carry opposite charges, we may excite a motion of this type with the electric field of a
“light wave, so the branch is called the optical branch. If the atoms (and their centre of

mass) move together the branch is called the acoustical branch. The energy of a
lattice vibration is quantised. The quantum of energy is called a phonon in aﬂalogy
with the photon of the electromagnetic wave. Elastic waves in crystals are made up of

phonons.

3.4 Raman Scattering in Crystals

The Raman effect stems from vibration-induced changes in the electronic
polarisability of a molecular system. Vibrations involving the crystal lattice may not
be ascribed to an individual molecule. Phonon modes are properties of the crystal
lattice, often referred to as being delocalised, which may be visualised as collective

states of the entire solid that lie lower in energy than the individual molecular internal
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vibration states. When energy is deposited into the phonon modgs of the crystal,
equilibrium is maintained by the transfer of energy from the phonon modes to the
internal vibrational modes. The site symmetry of a molecule in the crystalline state is,
in general, lower than in the isolated molecule. This reduction in symmetry may split
the degenerate vibrations. In addition, crystals can present lattice modes resulting
from transverse and longitudinal motions (see Figure 3.6). However, these "external”
modes give bands usually in the low frequency region or as combination bands with

internal modes at higher frequency.

In Raman and Brillouin light scattering processes which involve lattice vibrations, the
frequency of the scattered radiation differs from that of the incident radiation by the
frequency of a normal mode of vibration - that of an optical vibration mode in the
case of Raman scattering and that of an acoustical vibration mode in the case of
Brillouin scattering[3]. Since the acoustic modes in all crystals, regardless of
structure, can produce first-order changes in the electronic polarisability, all crystals
can exhibit a first-order Bn'llouip scattering spectrum{3]. The Brillouin scattering
spectrum of cubic crystals, for an arbitrary direction, will exhibit three frequency
shifts corresponding to the LA and two TA modes. However, for [100] and [111]
directions, the two TA modes are degenerate and only two frequency shifts will occur,
one corresponding to the LA and one corresponding to the two degenerate TA

modes[3].
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3.5 Current State of Understanding on Raman Scattering in PVD Coatings

The current state of knowledge within the field of Raman microscopy of PVD
ceramic coatings is very limited. Research has been mainly concentrated on binary
coatings especially TiN but also ZrN has been studied[4-6]. There has been very little
work (if any) performed on advanced multicomponent, multilayered or superlattice

PVD hard coatings.

The majority of PVD deposited coatings have face-centred cubic NaCl-type
structures, for example, TiN, ZrN, CrN, TiAIN, TiZrN etc. The selection rules
dictate that first-order Raman spectra (optical phonons) are forbidden due to Oy
symmetry. However, this does not mean that Raman scattering from face-centred
cubic PVD coatings is not possible. Due to the relatively high percentage of defects
in the coatings, such as, dislocations, crystal site vacancies, interstitials and residual
stresses (which distort the crystal lattice (i.e. lattice parameter)), this allows a defect-

induced first-order spectra to occur[4-7].

* Unfortunately, this is not the only barrier to obtaining good microscopic Raman
spectra from PVD coatings because there are other limiting factors for Raman

scattering from materials with metallic properties:

1) Surface defects, such as droplets and pits (see Chapter 1: Figuré 1.2). This
can have a pronounced effect on focussing.
2) High reflectivity (which can result in reflecting 5% of the incident laser

light)
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3) Low penetration depth (d) of the incident light, which is due to high
reflectivity, high density and dark/black coloration especially for TiAIN
and derivatives. Although the resulting penetration depth (see equation
below) is small for these coatings the spectra still arise from a spatial range
corresponding to many unit cells. Unfortunately the absorption
coefficients for these types of materials are not available in the literature
and determination of these is non-trivial. Typical penetration depths (d)
are thought to be in the range of 50 — 100 nm.

d =A/4. m k (where k denotes the absorption coefficient)[6]

Due to the above factors it is not surprising that Raman experiments have been |

confined to a small number of coating materials, especially TiN and ZrN.

The observed Raman spectra do, however, exhibit two pronounced groups of bands
related to acoustical (150-300cm™) and the optical (400-650cm™) parts of the phonon
spectrum. The phonon dispersion curves and the densities of states have been
obtained in the past using inelastic neutron scattering{2] and these data agree well
with Raman intensities in phonon spectra. Not only are there peaks associated with
one phonon densities, there are also second order scattering (2A, 20, A+O etc) (N.B.
Second order transitions are not disallowed for fcc mystals).. The Raman spectra
provide the one-phonon density of states modified by the proper selection rules of the
NaCl-structure (weighted density of states). Several authors[6,7] have made use of
the optical properties of TiN which are favourable for Raman scattering in the

frequency regime of the argon laser (514.5nm) due to resonant enhancement.
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Raman spectroscopy is a good twhﬁque for studying perturbed lattice vibrations and
induced first-order spectra give direct information about density of states associated
with certain combinations of atomic displacements in the perturbed crystals. Papers
have been published which describe first-order-Raman spectra of doped alkali halides
NaCl:Ag" and NaCl : TI" systems[8,9]. The perturbation was characterised by é mass
change at the defect site and a change in the central-force constant between the
impurity and its six-nearest-neighbour Cl" ions. In a perfect alkali halide crystal every
ion is at a site of inversion symmetry[10]. Consequently all first-order polarisability
derivatives are identically zero, and there is no first-order Raman effect. When an
impurity (colour centre) is substituted at a lattice site, the inversion Symmetxy is
destroyed at the neighbouring sites, and certain atomic displacements of the neighbour
atoms have non-zero first-order polarisability derivatives. The impurity also
represents a departure from translational symmetry. It is also reasonable to assume
that in the doped crystals the polarisability derivatives will be non-zero only in the

neighbourhood of the impurity[8,9].

Work has also been performed on un-doped alkali-halides[10]. Second- or higher-
order scattering is allowed as a result of combinations of phonons on the same or
different branches. Second-order scattering will give a (more or less) continuous
spectrum, as pairs of phonons from any point may combine. First-order scattering has

been observed in pure KCI and KBr by applying a strong static electrié field[11].
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36 Development of a Spectral Acquisition Method for PVD Hard Coatings

3.6.1 Instrumental Parameters Affecting Spectral Quality

If high quality PVD ceramic coating spectra are to be collected it is imperative to
have an understanding of how each individual instrument/software parameter will

affect the spectra gained.
3.6.1.1 Laser Wavelength/Power

The throughput is a very important parameter and is defined as the power that reaches
the sample surface. This is mostly dependent on the alignment of the instrument and

laser power.

The excitation sources available for this work were, 514.5nm (Ar" - ion, green),
632.8nm (HeNe, red) and 782nm (laser diode, solid state laser, Near Infrared), which
all had a maximum power of 25mW. What can immediately be noticed is the energy-

per-photon of laser light diminishes on going from green through to near infrared,
' 1
which will have an effect on the Raman scattering (there is a dependence of 73 on

Raman scattering, where A, is the wavelength of light). There will also be a
difference in penetration depth due to the wavelength. The 782nm near IR laser,
should in theory have a greater penetration depth than the Ar" - ion, although because
these coatings are dense, hard and reflective this may not be the case. In addition to
this there is a further resonance effect that can come into play. A good example of
this is when a Raman spectrum of TiAIN is taken w1th 632.8nm (red) and 514.5nm
(green) excitation (Figure 3.9 shows the overlaid spectra). .
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Low NA objectives focus light onto a larger volume of material. This has
implications on the information that is gained from the coating. The spectra arise
from a greater ﬂmnber of unit cells, but with diminished power per-unit-area, and the
collection efficiency is vastly reduced due to the reduced solid angle of collection (see
Table 3.1). PVD coating spectra are inherently weak and this makes it impractical to
use lower magnification/low NA objectives. Although it would appear from Table
3.1 that X100 is the objective of choice for many analyses, in reality it can lead to a
diminished signal. This is because the Renishaw Raman systems are optimised for

- use with X50 objective lenses. The beam expander enlarges the beam so that it fits
down the apertlire of the X50 objective almost perfectly. When a X100 objective is
used the input aperture is much smaller than for the X50, therefore there is a large
amount of light that is wasted on the surrounding area within the objective. This
results in a diminished poWer-per-unit—area incident on the sample, and thus a lower

amount of Raman scattered light is collected and processed.

Empirical evidence has shown that the X50 objective gives the desired sampling
volume (~2-3pum?), collection efficiency and thus the best possible spectra for any
given coating. Therefore subsequent spectra were acquired using the X50 objective,

unless otherwise stated.
3.6.1.3 Exposure Time

The spectral range chosen is the main parameter that influences the sampling time. If
only a specific band or small frequency range, i.e. for static exposures, is desired this

can dramatically reduce the sampling time.
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The choice of objective lens can vastly reduce the time necessary for a particular scan.
As explained in section 3.6.1.2, a high numerical aperture corresponds to a large solid -
angle of collection and therefore for any given time a higher amount of scattered light
will be collected than for low NA objectives. If the spectral range, objective lens and
the focus are kept constant an increased exposure time will lead to a bétter Signal-to-

Noise ratio (S/N) i.e. S/N o« (Exposure Time)"2.

PVD coatings are composed of transition metal nitrides. This meant that there was a
big advantage as only a narrow spectral range of 100-1200cm™ was required to obtain
all the spectral information (including second order bands) when compared to organic
compounds where a range of 400-3600cm™ is routinely used. As a consequence of
this a reduced sampling time was necessary which compensated slightly for the
additional time required due to the coatings having a low scattering cross-section e.g.

total scan time of ~5-10 minutes.

N.B All spectra featured in this thesis have a low frequency cut off/notch of ~150-
200cm™ that is as a consequence of the notch filter (see chapter 2; section 2.4.2.2).
This meant that only spectral intensity from frequencies above ~150cm™ was

observed and bands that are near to this notch are distorted.
3.7  Spectral Database of PYD Hard Coatings

All coatings were grown using combined cathodic arc/unbalanced magnetron
deposition. The PVD equipment used is described in Ref[12]. The Ti, Zr, Cr, Nb, V,

Al, W and TiAl targets used were produced by vacuum casting whereas TiZr targets
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consisted of small Ti and Zr segments which were bound on a backing plate. Typical
deposition recipes are given in Ref.[13]. The coatings were deposited on ngh Speed
Steel (HSS) and Stainless Steel (SS) and had a thickness of 2-3um, deposited at 1-

2 umh™. Before analysis each coating surface was cleaned with ethanol to remove
dirt and grease and samples were placed on a glass slide. A sampling area was chosen
on the surface of each coating which was free from droplets/growth defects or
blemishes of any nature and also from marks left by physical testing i.e. indentations,
wear tracks and craters. In addition the sampling area from one laser wavelength
analysis was noted and used again for the next analysis (although this was only an
estimate). This was done because it is known empirically that there are subtle
differences in the coating spectra (band position mainly) going from point-to-point.
All spectra were acquired using a X50 objective, 400 seconds exposure-time and full
laser power (unless otherwise stated). The throughputs of the different systems
varied. The 780nm laser was attached to one Raman system and the 514.5 and
632.8nm lasers were used with another. On changing the lasers over from red to
green excitation the resulting alignment differed also. A spectrum of silicon was
always taken before any spectra were acquired. Silicon is a cubic crystal that has 3
phonons that have exactly the same frequency of 520cm™[14]. This was used as a
calibration for the Raman systems. If when a spectrum of silicon is taken and the
resulting band did not have a position of 520cm™, an offset coﬁmﬁon was required
within the software that recalibrates the grating to the correct position. This is

performed routinely on a day-to-day basis.

The silicon band intensity is also a good method of assessing the alignment of a

system (although certain orientations of the Si crystal with the laser beam can give a
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