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Abstract

The physical and mechanical properties of titanium nitride films synthesized
by radio-frequency plasma-assisted chemical vapor deposition onto M2 tool steel
were investigated. Titanium tetrachloride (TiCly) with ammonia (NH;3) or with

2 hydrogen (H;) and nitrogen (N;) were the primary reactants used in the pres-
'sure range of 0.2 to 1.0 Torr. Auger electron spectroscopy, x-ray diffraction, and
scanning electron microscopy revealed that film composition, structure, and me-
chanical properties were strongly influenced by chlorine concentration within the

films and at the film-substrate interfaces. Chlorine concentration in the films de-



creased with increasing deposition temperature. A transition from an amorphous
zone one morphology, to a fine-grained zone T morphology, to a highly crystalline
zone two morphology with (200) preferred orientation was observed with increasing
deposition temperature.

Films formed at temperatures lower than 400°C exhibited poor mechanical
properties, demonstrated by their tendency to spontaneously disintegrate. At
400°C and above, film adhesion was influenced by initial deposition conditions.
Films formed from TiCly and NH; had low scratch adhesion test critical loads,
with fracture occuring at the film-substrate interface. Auger analysis of scratch
tracks created in vacuum revealed a high interfacial chlorine content. In contrast,
films synthesized with hydrogen and nitrogen instead of ammonia exhibited higher
scratch adhesion test critical loads, with fracture tending to occur within the film
rather than at the interface. Auger depth profiling revealed no chlorine accumu-
lation at the interfaces of H;-Nj-based films. Early film growth was characterized
by the nucleation and growth of TiN islands.

Othér deposition parameters, such as power, gas flow ratio, and substrate bias
primarily influenced film growth rates. The presence of a plasma enhanced TiN
synthesis from TiCl; and NHj; a plasma was essential for TiN synthesis from
TiCly, H,, and N;. The chlorine concentrations of titanium carbonitride films,
synthesized in a plasma with the addition of methane showed greater variation
at fixed deposition temperature than those of pure nitride films. The use of an
organometallic source, titanium tetrakis dimethylamidé, Ti(N(CHs)2)4, resulted

in the formation of carbonitride powders.
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Chapter 1
INTRODUCTION

1.1 Statement of the problem:

Within the last decade, the use of hard, protective coatings of titanium nitride
and titanium carbide on cutting tools to improve their wear resistance increased
markedly (Hat:83). Thin films (1 to 10 microns) of these materials have been able
to increase tool lifetime significantly, often by a factor of five to ten as compared
to the lifetime of the uncoated tool. The coatings can be prepared by high tem-
perature (>1000°C) Chemical Vapor Deposition (CVD) or by low temperature
(<600°C) Physical Vapor Deposition (PVD). Chemical Vapor Deoposition refers
to the thermally activated reaction of feed gases at the sample surface to form a
solid product. PVD is a general term covering deposition by sputtering (d.c. or
r.f.), evaporation processess such as ion plating (IP) or activated reactive evapo-
ration (ARE), and plasma assisted chemical vapor deposition (PACVD). All these
three processes utilize a partially ionized gas to create energetic species which pro-
mote reactions at lower temperatures, but differ primarily in the means used to
introduce metal atoms into the gas phase. In sputtering, ion bombardment ejects
metal atoms from a target surface. In evaporation processes, which includes ion
piating and arc processes, metal atoms are thermally vaporized into the gas phase.
In PACVD, the metal atoms are introduced in the form of a volatile compound,

often a halogen or organometallic.
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For coating tool steels, PVD processes are preferred over CVD because the
latter usually operates above the austenite transition temperature (820°C-840°C)
of these alloys (Wil:75). However, film adhesion is a problem for PVD processes
relative to CVD because the higher operating temperature of the latter appears to
preclean the substrate and to promote interdiffusion at the interface during depo-
sition, which should create a stronger chemical bond. Thus, substrate preparation
and initial deposition conditions are very important in determining the nature
of the coating-substrate interface and the adhesive properties of the PVD films.
Of the PVD processes, sputtering and ARE have been studied more extensively
(Sun:83, Sun:832, Sun:833, Bun:83). The use of PACVD to form TiN coatings
for tool applications has been bypassed until very recently (Arc:81, Kik:84, Shi:85,
May:86, Wim:85). PACVD can produce more uniform deposits on substrates with
complicated shapes than the other line-of-sight processes and thus it could be ad-
vantageous to employ in many circumstances. In addition, PACVD could be useful
in the synthesis of diamond-like carbon and BN films, extremely hard materials
which are relatively uncharacterized at present, but whose precursors are readily

available in gas form, and thus are suitable for a vapor deposition process (Doi:83,

Mat:82, Sav:81, Sun:86).

1.2 Objective:

The purpose of this research has been to investigate the applicability of the
PACVD technique in forming protective coatings of TiN on tool steels. The re-
lationship between the physical properties, including thickness, morphology, crys-
tallinity, and composition of PACVD-produced TiN films and mechanical proper-
ties, including adhesion and hardness has been determined as a function of depo-
sition conditions. Special emphasis has been placed upon understanding the re-

lationship between coating-substrate adhesion and interfacial composition. These

properties have been studied as a function of substrate pretreatment and initial
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deposition conditions. The properties of PACVD TiN films are compared to liter-

ature data of coatings produced by other techniques.

1.3 Organization:

This dissertation has four major parts. Chapter one is the Introduction, con-
taining a statement of the research problem, objectives, and general background
of coating practice and theory, materials properties, deposition technologies, and
film morphology. Chapter two describes the technical approach utilized in this
research, reviewing the procedure of coating synthesis and characterization. Ad-
ditional reviews have been included in the mechanical properties characterization
sections because modern comprehensive reviews of these techniques are not avail-
able in the literature. Chapter three is a presentation of experimental studies and
results. Chapter four places the results of this work into the context of deposi-
tion of coatings in general and discusses the applications potential of TiN coatings

produced by PACVD.

1.4 Background:

1.4.1 Coating Practice and Theory:

Coated cutting tools first became commercially available in 1968, when ce-
mented carbide (WC particles in a Co binder) substrates with a CVD-produced
TiC layer 2-3um thick were introduced (Sch:83). Improvements in lifetime (> 2.X)
and higher cutting and feed rates were obtained. In 1973, multilayer coatings
consisting of TiC, Ti(CN), and TiN (on top) were introduced yielding further
improvements in performance. Coatings with Al;O3; as one of the component
layers between TiC and TiN became available in 1978, which yielded improved
performance at higher temperatures. Al,03 was found to be poorly adherent to

Co(WC), but TiC adhered to both. Thin layers of TaC were also incorporated
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between the Co(WC) substrate and the TiC layer to prevent carbon depletion
from the WC to the TiC. This depletion embrittles the substrate, which degrades
tool performance.

TiN-coated high speed steel (HSS) tools did not become commercially available
until 1980 (Hat:83). Both CVD and PVD processes (sputtering, or evaporation—
the latter known under the commercial names of ion plating or arc-deposition
processes) are now available. Heat treatment of the steel substrate after deposition
is required for the CVD process. This heating causes dimensional distortions,
on the order of .001 in.(25um), which are unacceptable for precision tools. For
these types of tools, PVD is preferred to avoid this heat treatment. However, as
stated earlier, the line-of sight nature of PVD processes and their relatively poorer
adhesion make them less desirable when compared to CVD. TiN and TiC are the
dominant coating materials utilized today, although (TiAl)N films were introduced
in 1986 and are gaining in use (Jeh:86, Mun:86). This new material performs better
than TiN at higher temperatures, apparently because the Al apparently segregates
to the surface and forms Al; O3, which prevents oxidation TiN (Mun:86).

Although many types of tools and other components (such as jewelry) are now
being commercially coated, there are two types of tools that are coated most often:
cutting and forming. The performance of cutting tools, such as inexpensive inserts,
expensive gear cutting and hobbing tools, and drills have been most successfully
improved by coatings produced both by CVD or PVD. Coated forming tools, which
include punches, broaches, and dies are a more recent phehomenon. If coating the
tool improves performance, and this is not always the case, CVD processes appear
to be more successful than PVD processes, with the latter having more adhesive-
related failures (Swi:86). The tool used in forming operations is in a more dynamic
stress environment, which may require better adhesion than in a cutting process.
Forming tools are currently the subject of research and development efforts by
many organizations.

The reason that protective coatings improve tool performance is not exactly

known, because the process of tool wear is very complex and poorly understood.



CHAPTER 1. INTRODUCTION 5

It is important to realize that the coating seldom covers the entire active surface
during cutting operations. Protective coatings are often 2 to 10 pum thick, but
cutting tools are generally used until significant wear of the original tip or one side
of the cutting surface has occured. This depth of this ‘significant’ wear is ultimately
dictated by the adjustments that the machinist can conveniently execute with the
tooling machine itself to compensate for the changing tool size. This depth can be
as large as 250um (Pet:83). However, other criteria, such as part surface finish,
may be more severe than the machine compensation requirement and reduce the
distance.

A more revealing example of the effect of partial coating coverage is the fact
that worn coated cutting tools can be reground on one side to sharpen the cutting
edge, which removes the coating on the ground side, and improved performance
will still be seen relative to a completely uncoated tool, though not as good as a
fully coated tool. If a particular form of wear dominates on one side of the tool,
these regrinding results seem logical. However, studies by Ramalingam indicate
that the phenomena can be more subtle (Ame:79). A cutting tool edge has a rake
face, located above and behind the edge, where the cut metal chip contacts the
tool, and a flank face, below and behind the cutting edge where the exposed new
surface of the workpiece may touch and abrade the tool (Oak:83). Ramalingam
studied rake and flank wear of cemented carbide (94% WC, 6% Co) inserts, either
uncoated or coated with TiN only on either the flank or rake surfaces (Ame:79).
His results showed that when the inserts were used to cut 1045 steel bars rake
coating reduced both rake wear (also called crater wear because the hot metal
chips adheres and bonds to the tool, and then breaks off leaving a crater where
tool material was removed) and flank wear, but that flank coating only reduced
flank wear. These results suggest that regrinding of the flank face, which removes
the coating from this side, is appropriate for sharpening of metal cutting tools.
However, when low cutting speeds are used, for example in gear shaping opera-
tions, flank wear generally dominates and rake/crater wear is seldom observed and

therefore grinding of the rake face is recommended (Hat:83).
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The explanations usually advanced for the reason that coatings improve tool
wear resistance and general performance can be categorized as primarily chemical
and mechanical (Kra:83, Oak:83, Sch:83). Chemical wear mechanisms take the
form of substrate-workpiece interdiffusion, oxidation, and corrosion. A material
that has a high melting temperature and relatively low chemical reactivity would
reduce these forms of wear. Mechanical wear is being broadly defined in the
present context to include any mechanism which ultimately requires the fracture
of the original (ie. unoxidized, uncorroded) materials. High fracture strength,
fracture toughness, and deformation resistance are required. The presence of a
coating affects the stresses which ultimately develop in the substrate. Using a
finite element approach, Van der Swang and Field have studied the effect of a thin
hard coating on a model Hertzian (spherical indentor on a flat surface) contact
stress field (Van:82, Van:83). The results indicate that tensile stresses developed
during contact in the substrate are reduced by the coating and that this reduction
increases with increasing coating elastic modulus and coating thickness. This
reduction in substrate stress is accompanied by an increase in maximum tensile
stresses in the coating itself.

Deformation of the tool during cutting can be elastic or plastic. It is desirable
to keep deformation processes elastic to retain tool dimensions in subsequent op-
erations which means that a low elastic modulus (E) and high yield strength (Y)
are desirable. As pointed out by Halling, if stress levels during asperity contact
remained elastic, (and below the fracture strength) the only mechanism of crack
formation would be fatigue (Hal:83). Model asperity calculations suggest that
for materials to remain elastic, the E/Y ratio should be less than 70 to 3.5; the
maximum number decreased with increasing surface roughness. Interestingly, the
values of this ratio for metals is generally between 500 to 3000, while the value for
useful coating metal compound materials is typically 50 to 100, as shown in Table
1.1.

As deformation becomes plastic, high material hardness is an important re-

quirement. Hardness is controlled by the strength of interatomic forces and by
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Table 1.1: Values of the elastic modulus (E [GNm™?%]) ) and yield strength (Y
[MNm~2]) of selected materials (From Hal:83).

Material E Y |E/Y
Metals

Cu 124 | 60 | 2070
Al | 69 40 | 1720
Mild steel 196 | 220 | 890

Ti 116 | 180 | 650

Alloy steel En31 200 {1700 | 120

Composites

Wood along grain | 12 | 45 | 270

Carbon-fibre-

reinforced-plastic | 135 | 670 | 200

Glass-fibre-

reinforced plastic 30 | 200 | 150
Wood across grain | 1 8 125
Concrete 50 | 400 | 125

Ceramics
Tungsten carbide | 600 | 6000 | 100
Titanium carbide | 380 | 4000 | 95

Alumina 390 | 5000 | 78
Silicon nitride 400 | 8000 | 50
Glass 69 | 3600 | 20
Polymers

Nylon 3 70 43
High density

polyethylene 0.7 5 2

Rubber 0.01 | 30 0.3

Polyvinylchloride | 0.01 | 45 0.2
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the deformation mechanisms operative. It is very important to realize that on
an atomic scale, a typical coating material’s chemical properties, particularly the
covalent-metallic bonding nature, leads to both chemical and mechanical wear re-
sistance, as will be explained in the next section. Deformation mechanisms are
influenced by microstructure, which will be further explored in chapter four. Fi-
nally, a coating would be of little value if it did not remain bound to the substrate.
Adhesion is a critical property of the coating-substrate composite. Factors influ-
encing adhesion will be further explored in section 1.4.6, 2.4.2, and chapters three
and four. In the present study, the mechanical properties which were investigated

were adhesion and hardness.
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Table 1.2: Properties of titanium compounds (Tot:70, Oak:83).

Material | Tm(°C) | Hv(kg/mm?) | Ther. Cond. | Ther. Exp. Coef.
25°C | 1000°C | cal/(s cm °C) X 10-° °C
TiN 2949 | 2000 | > 200 0.07 9.95
TiC 3057 2900 | 200-300 0.08 7.6
TiO ~1800 | 1000

1.4.2 Materials Properties:

TiN, TiC, and TiO

Although this research has primarily focused on the synthesis of TiN, some
effort was directed towards the formation of Ti(CN), because of the high hardness
of TiC. Ti0 is also interesting because angle-resolved photoelectron spectroscopy
studies indicate that the near surface (~4 monolayers) of TiN films at room tem-
perature is actually TiO (Ern:85). Fortunately, the structural and bonding prop-
erties of these materials are closely related. Therefore, for reasons of interest and
similarity, the properties of all three compounds will be reviewed, when possible,
with the understanding that the primary interest centers on TiN.

Table 1.2 lists selected values of physical and mechanical properties constants
of the titanium compounds. Of particular importance for tool applications are the
high hardnesses and melting temperatures of TiC and TiN. The thermal expansion
coefficient of TiN (a=9.95x107%/°C) makes it the most suitable for coatings on
steels (a=12.0x10"%/°C). TiO has a lower hardness making it the least desirable
of the three. However, the oxide is far more thermodynamically favored than the
nitride or carbide in the temperature range of interest, as shown in table 1.3. For
this reason, oxygen partial pressure must be minimized when TiC or TiN is syn-
thesized. TiN oxidation by solid diffusion is negligible until temperatures of 600°C
are exceeded (Mun:86). At room temperature, the surface of TiN is oxidized, pre-

sumably by a tunneling mechanism, to form TiO which changes continuously from
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Table 1.3: Free energies of formation (JANAF).

Material | AGy (kcal/mole)
298°K | 800°K

TiN -73.8 -62.5
TiC -43.1 -41.8
TiO -118.3 | -108.8

TiO,(rutile) | -212.6 | -190.7

Ti(NO) to TiN within eleven A from the surface (Ern:85).

The phase diagrams of the Ti-C, Ti-N, and Ti-O are shown in Figures 1.1-1.3
respectively. Studies of the interior of the phase tetrahedra are lacking. The TiC
and TiN phases both have wide composition ranges, which means that they can
have large populations of non-stoichiometric vacancies (Tot:70). One important
distinction between the nitride and the carbide is that excess nitrogen is ejected
as a gas in the former, while excess carbon is retained as a graphitic solid. Thus,
synthesis of stoichiometric nitrides from the vapor phase can be accomplished by -
maintaining an overpressure of nitrogen.

The crystal structures of these three compounds are identical: the Bl NaCl
fcc structure. The lattice parameters for TiN, TiC, and TiO are 4.24 A, 4.32
A, and 4.22 A respectively. TiC and TiN follow the empirical rules formulated
by Hagg determining the crystal structures of transition metal carbides, nitrides,
borides, and hydrides. According to these rules, the crystal structure of these
transition metal compounds will be determined by the radius ratio r=r;/r., where
r is the radius of the non-metal(z) or metal (me) species. If r<0.59, the metal
atoms form simple cubic or hexagonal structures, while complicated structures
are formed otherwise, because the metal lattice becomes too dilated and metal-
metal interactions become too weak. Hdgg noted that atomic volume occupied by
the metal atom in the complex structure when r>0.59 was less than the volume
occupied in the hypothetical simple structure.

The nature of bonding of TiC, TiN, and TiO is still controversial. Early theo-
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ries emphasized either strong metal-metal or metal-nonmetal interactions. Recent
approaches consider both important (Sun:86). A detailed evaluation of these ap-
proaches is beyond the scope of this text. Rather a qualitative summary is pre-
sented to relate some of the prominent physical properties, particularly hardness
and melting temperature, with bonding characteristics. Figure 1.4 shows calcu-
lated band structures for the three compounds (Nec:76). A key point is that the
d-bands are split into bonding and antibonding parts, separated by a low density
of states between them. The Fermi level of TiC is at this minimum, while those of
TiN and TiO are progressively located further up in the antibonding band. This
increasing occupancy of the upper band correlates with a diminishing T,,, and
contributes to the decrease in hardness observed. Another atomic scale contri-
bution to hardness is the degree of covalent bonding. Figure 1.4 shows that the
degree of titanium d-state and carbon p-state overlap is the highest for TiC, and
decreases in order from TiN to TiO. Thus, the nature of bonding of these materials
is related to their melting temperature and hardness, which in turn affects their

chemical and mechanical wear resistance.

M2 High Speed Steel:

High speed steels (HSS) are used for machining at high speeds, with the M2
grade being a general “all-round” average representative (Wil:75). The important
property of these steels is that they maintain high hardness, and toughness, at
temperatures up to 550°C to 590°C, whereas most other steels soften at below
200°C. The key to the HSS hot or “red” hardness is that these steels contain

" complex alloy carbides, particularly of Mo, W, and V, which are hard and remain
chemically stable up to the above mentioned temperatures. The alloy composition
of M2 and the volume percent distribution of carbide phases are listed in Tables

1.4 and 1.5 for the annealed and oil-quenched (0O.Q.) microstructures (Wil:75).

The carbon promotes the hardenability of the matrix, as well as being a con-
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Table 1.4: Elemental composition of M2 tool steel.

Elemental Composition of M2 Steel
Element | Wt.% At.%

C 0.85 4.1

Si 0.25 0.52

Mn 0.25 0.27

Cr 4.00 4.5

Mo 5.00 3.1

W 6.00 1.9

\% 2.00 2.3

Fe 81.65 83.3

16

Table 1.5: Distribution of carbide phases in annealed and oil quenched M2 tool

steel.

M2 Condition

Carbides (volume percent)

Annealed
1220°C 0.Q.

M23Cs
9
0

M¢C | MC | Total
16.0 | 3.0 | 28.0
75 [ 15| 9.0
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stituent of the carbides. Chromium is added to promote depth hardenability, and
exists as Cry3Cg in the annealed microstructure and it is dissolved in the austenitic
and martensitic microstructures. W, Mo, and V as mentioned above, are present
to form stable high temperature carbides. However, the W and Mo exist in an
MeC phase, either Fe,W,C or Fe;Mo,C, while vanadium exists as VC. The VC is
also relatively insoluable at hardening temperatures and it retards austenite grain
growth. It is worth noting that VC has the NaCl structure (a=4.184) like TiN
(a=4.244).

The generic heat treatment cycle of M2 steel is shown in Figure 1.5, along with
the hardness-tempering temperature curve and the Time- Temperature- Transfor-
mation (TTT) curve (Wil:75). Two features are worth further comment concern-
ing tempering:1)retained austenite and 2)secondary hardening. Upon quenching to
room temperature, the steel contains a significant amount of soft retained austen-
ite often on the order of 20-25%. The retained austenite amount can be reduced
by stabilization at liquid nitrogen temperature or by répeated tempering cycles
or both. During tempering, several complex reactions occur. Tempered marten-
site forms accompanied by stress relief, which permits some retained austenite to
transform to untempered martensite. In addition, if tempering is performed at
around 500°C, fine transistory M;C carbides of W and Mo form which transform
to fine MgC carbides upon cooling. An increase in hardness is observed after the
temper, which is called secondary hardening. The fine carbides also remove carbon
from the retained austenite. The martensite start temperature is therefore raised,
which provides another driving force for the conversion of retained austenite to
hard, but brittle, untempered martensite. A second.temper is always required to

temper the martensite formed from the first temper.
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1.4.3 Studies of Sputtered TiN:

At present, reactive sputtering is the technique with the highest deposition
rate (85 A/sec.) used in industry to form TiN coatings at temperatures below
550°C (Sun:83, Sun:832, Sun:833, Spr:83). Sproul has investigated the mechanical
properties of sputtered TiN films. Using M2 tool steel (Rockwell C hardness of 65)

“as a substrate, TiN coatings of 9.5 micron thickness were found to have Vickers
microhardnesses of 2359 (100gm load) and 2391 (200gm load) kg./mm.? (Spr:83).
Film adhesion was quantitatively assessed by the scratch adhesion test (SAT) in
which the critical load for the onset of the loss of adhesion is measured (Per:83,
Hin:84). Sproul found that the critical load increased from 2 to 8 kgf. linearly
with thickness from 2 to 10 micron. TiN-coated end mill cutters, saw blades, and

- drills outlasted uncoated ones by factors of 3.5, 2.2, and 50 respectively in testsi

where 1035 steel was milled, cut, or drilled. The tools were tested until they failed
catastropically.

The key to the high rate of deposition in Sproul’s studies is a careful control
of target surface composition during sputtering, accomplished by adjusting the
N,/Ar working gas ratio. If Ar alone is used, titanium films are formed. As the
N,/Ar gas ratio increases, films are formed with increasing nitrogen content, from
a-Ti, to TizN, to ultimately TiN. However, deposition rates drop dramatically as
nitrogen is increased, quickly falling to 10% of the rates for pure titanium. This
drop occurs because the Ti target becomes nitrided, and the sputtering rate of
TiN is lower than that of Ti because of the stronger bond strength between Ti-
N versus Ti-Ti. Chemisorption studies by Shih, and later Sundgren, of N; on
Ti show that the sticking coefficient of N, drops as surface coverage becomess
sufficient to achieve an underlayer structure which is essentially the TiN phase
(Shih:76, Shih:762, Sun:83). During sputtering, if the nitrogen surface is kept at
subsaturation levels, nitrogen will not be detected by residual gas analysis using

mass spectroscopy (MS) because the nitrogen is gettered by the titanium. As
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surface coverage is increased to form the underlayer structure, nitrogen will be
detected by MS because it is no longer gettered by free titanium on the surface.
The nitrogen signal determined by MS shows a sharp rise with nitrogen feed rate at
this transition. At the onset of this rise, where the first two layers of the Ti target
are essentially TiN, stoichiometric TiN will be sputtered off at very high rates,
presumably because the third layer is still titanium. Sproul patented the process
in which the nitrogen MS signal is used as a feedback control for the nitrogen gas
feed rate to maintain high TiN sputtering rates (Spr:83). This process advance
was of major significance in hard coating production.

Sundgren and his coworkers have done much to advance the fundamental sci-
entific understanding of the TiN sputter deposition process and to investigate the
properties of carefully prepared TiN films. Studies have included topics such as the
effect of sputtering deposition parameters on coating properties (Sun:83), investi-
gations of morphology and structure (Sun:832, Hib:83, Hib:84, Hib:85), the influ-
ence of substrate bias and shape on coating properties (Sun:833, Joh:84, Hak:87),
adhesion of sputtered TiN to high speed steel (see section 1.4.6) (Hel:85), and
single crystal TiN thin film growth (Joh:85). Results of the Sundgren studies will

be reviewed in more detail in chapter four.
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1.4.4 PACVD:

The process of plasma assisted chemical vapor deposition can be viewed as
consisting of four steps, shown schematically in Figure 1.6 which depicts a parallel
electrode geometry. Step one is the excitation of ground state atoms or molecules
into excited states. The excited species adsorb onto the substrate in the second
step. Adsorbate surface diffusion and reaction with coadsorbates and the substrate
to form a solid condensate occurs in the third step. Desorption of reaction byprod-
ucts and etching (induced by the chemical environment or ion/electron bombard-
ment) of surface material occurs in the fourth step. Ground state atoms/molecules
can also undergo steps two through four, which is essentially chemical vapor de-
position, a topic which has been recently reviewed in detail by Carlsson (Car:85).
Excitation in step one is influenced primarily by plasma volume chemistry, while
steps two through four involve plasma surface interactions (Tho:83, She:84).

Excitation occurs in a plasma, which is a partially ionized gas in which gas
collisions are frequent enough to effect a long range electric coupling between
ions. Gas pressures in the range of 50 mtorr to 5 torr will satisfy this condition,
because of reduced gas mean free paths. The term glow disch‘arge is often used
to describe this plasma because of the characteristic luminescence that occurs in
the visible range when excited states de-excite. The plasmas used in PACVD
are weakly ionized, the ratio of the electron concentration to neutral species is
of the order of 10~ -107¢. Electron (and positive ion) densities are between
10° and 10" cm™3, and average electron energies are in the range of 1 to 10eV
(11600-116000 °K), while ion energies are approximately 0.04eV (464 °K) The
energy for excitation is provided by an electric field, either d.c., rf. (20 KHz -
40 MHz), or microwave. All commercial systems use r.f. The typical frequency
is 13.560MHz because of the ready availability of r.f. sources designed for this
wavelength, which was historically set aside by government regulators for industrial

transmitters. Two electrode geometries are often used, either a parallel plate or
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a coil configuration. The parallel plate electrodes are typically inside the reactor,
while the coils are usually external which removes electrode material influences in
this case. The advantage of the former configuration is that electric field uniformity
is maximized and plasma volume to electrode surface area ratio is minimized. The
reverse is true of the coil arrangement, and the nature of the plasma has to be
better understood in this configuration to obtain controlled, repeatable results
for this approach (Ins:87). The parallel plate configuration was first developed
by Reinberg and is extensively used in the semiconductor industry, where the
materials to be processed are essentially planar (She:84). The coil geometry is
useful for large batches, and for non-planar substrates. This configuration has
been extensively studied by Inspektor and his collegues (Avn:84, Avn:85, Ron:83,
Rav:83, Rav:832, Ins:80).

The low degree of ionization of these plasmas is maintained in a manner such
that the rate of ion production owing to energy addition by the eletric field is
balanced by the diffusion of charged particles to the walls where recombination
occurs. As reviewed by Thornton, the process therefore involves the transfer of
energy from an electric field of strength E and frequency f to the plasma electrons,
the production of ionization in the working gas of density N and ionization poten-
tial U; because of electron-gas particle collisions with a mean free path A=1/oN
(where o is the collision cross section) and the diffusion of charged species to the
walls in an apparatus geometry with characteristic diffusion length A (Tho:83). A
detailed understanding of the physical chemical processes within a low pressure
plasma requires a knowledge of the electron energy distribution with respect to E,
f, and position; of collision cross sections; reaction rate constants; and of charged
species diffusion rates. Most of these values are poorly understood.

Qualitatively, the reactions which occur in the plasma can be reviewed (Tho:83).
Electron impact is believed to be the major source of charged species and radicals.
Radicals are an important constituent in plasmas because of their high reactivity,
which makes them a major contributor to solid materials synthesis from a plasma.

Electron impact dissociation is believed to be an important source of free radicals
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for two reasons. First, the threshold energy for dissociation will be in general
considerably lower than the relevant ionization potential for the working gas, so
that the dissociation rate will be several times the ionization rate. Second, excited
electronic states in molecules greatly weaken the molecular bonds and often result
in antibonding states and dissociation.

Atomic radical recombination surface reactions along with those involving other
excited species such as molecular radicals and ionic species are of vital importance -
to PACVD materials synthesis because of their high reaction rates relative to
ground state species. The transport of radicals and neutrals from the gas phase
to the surface primarily involves the physics of diffusion and adsorption. The
adsorption of ions and their subsequent surface reactions are more complicated
because ionic species are accelerated towards surfaces by the electric field present
in the plasma sheath at the surface, promoting adsorption and imparting energy
for surface reactions and modifications. The sheath region forms because elec-
tron mobility is higher than ion mobility, and the electrons near a surface are
quickly absorbed. The plasma developes a positive potentia.l with respect to the
electrode. The electric field at the surface retards the further flux of electrons
from the plasma. The sheath region is characteristically dark because the low
electron density prevents ion-electron recombination luminescence. Positive ions
that diffuse into the sheath are then accelerated towards the surface by the electric
field. Electrons ejected from the surface by the ion impact are accelerated into the
plasma by the sheath field and they are the primary source of ion and radical gen- -
eration in the plasma volume mentioned earlier. It is important to realize that all
surfaces remain negative with respect to the plasma. The electrode connected to
the r.f. supply oscillates in voltage (with respect to ground), over each frequency
cycle, as shown in Figure 1.7. The opposing electrode, onto which the substrates
are generally placed, also oscillates in voltage. However the magnitude of the sub-
strate sheath field can be very different than that of the driven electrode. The
substrate electrode can be either floated or grounded (Fig. 1.7a), or intentionally

negatively biased (Fig. 1.7b). The average energy of bombarding species increases
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with negative bias.

The energy of plasma generated species impacting a surface typically is in the
range from a few eV to several hundred eV. Such energetic species do more than
just provide reactive starting materials for low temperature synthesis. As noted
by Thornton, these energies are equal to or exceed those which characterize a
solid, such as surface atom binding/sublimation energies, U,, of 3-10eV, sputter-
ing thresholds of approximately 4U,, interstitial formation energies of about 5eV,
and vacancy formation energies of about an eV. Ion bombardment can therefore
induce sputtering of adsorbates or coating material, promote the formation of
point or line defects within the bulk or at the surface, cause intermixing of un-
derlying layers, increase adatom mobility or promote working gas incorporation.
These processes can influence subsequent ﬁlm’properties, such as composition,
morphology, structure, adhesion, density, and porosity.

Recounting briefly, step one of the PACVD process is the generation of excited
state radicals and ions in the plasma volume, and step two is the adsorption of
some of these species to the surface. The energetic adsorption of ions can induce
structural and compositional modifications of the surface region. Step three is
the diffusion, combination, and reaction of the energetic species with each other
and surface sites to form a solid product. Additional energy from further ion
bombardment and from thermal sources in the substrate (ie. intentional substrate
heating) can affect both diffusion and chemical reactivity.

A variety of materials have been synthesized by PACVD, including elemental
materials, semiconductors, oxides, carbides and nitrides (Vep:85, Hes:84. As clas-
sified by Veprek, a plasma can assist a CVD process in two ways: by a “kinetic
effect” or by a “thermodynamic effect” (Vep:85). In the former, excited species
created in the plasma accelerate réactions which are thermodynamically possi-
ble (using standard state thermodynamic values). High operating pressures, low
power densities, and floating/grounded substrates favor this effect. The “ther-
modynamic effect” refers to situations where the plasma creates unique chemical

equilibria which do not have conventional thermal counter parts. (In other words,
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the electric field of the plasma is imparting energy to the system which is not
accounted for in the conventional equation of state. The equation of state would
have to be rederived with an energy term representing the electric field contribu-
tion in order for the system to be properly described thermodynamically. Thus,
conventional thermodynamic values, either standard state [P = 1 atm.] or those
adjusted for pressure, can be completely misleading in predicting chemical reaction
favorability in a plasma environment.) Low operating pressures and high power
densities favor this effect. High substrate bias also introduces unique states, par-
ticularly promoting the formation of high pressure metastable phases.

The final step of the PACVD process is the ejection of reaction byproducts—if
any exist. The factors which influence this expulsion and the resulting properties

of synthesized materials will be explored in Chapters 3 and 4.
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1.4.5 TIN Synthesis by PACVD:

Archer was the first investigator to report the formation of TiN by PACVD
with a d.c. plasma (Arc:81). Starting with N, H,, and TiCly, TiN was claimed
to have been formed at 400°C and above. Below this temperature the coatings
flaked off, although they were still golden color (the color of TiN) down to 250°C.
X-ray diffraction (XRD) was performed, but the results were not clearly stated.
Film growth rates in the range of 3 to 10 4/sec. were reported.

Kikuchi et.al. investigated TiN films formed by d.c. plasma of N,, H;, and
TiCly, on M6 tool steel and cemented carbide inserts at 500°C and above (Kik:84).
Although they did not explicitly prove that they had formed TiN, they obtained
a material with an indentation hardness (Knoop test) of 2200 to 3000 kg./mm.?
with 100 gm. load (bulk TiN is 2000) that depended upon substrate bias. Film
thickness was not mentioned. They found that film chlorine content increased
with decreasing substrate temperature and increasing TiCl; flow rate, and ad-
versely affected flank wear and crater wear in continuous cutting tests. Columnar
grains and growth rates of 3 A/sec. were reported. Wimber has also studied TiN
produced by d.c. PACVD and has found that chlorine content was detrimental to
mechanical properties (Wim:85).

Shizhi and coworkers also studied TiN formed by d.c. plasmas of N,,H,, and
TiCl;. Two conditions were investigated: 1) T=430°C, P=1 Torr, and d.c. volt-
age=1000V. 2) T=520°C, P=0.25T, and d.c. voltage=2250-2500V. A dense (zone
2, see section 1.4.7) structure was formed for condition one while the second condi-
tion yielded a more nodular structure, believed to be due to gas phase nucleation.
Film thickness increased linearly with time, and with TiCly partial pressure. Hy-
drogen was essential for flm formation, but the highest hardnesses (20gm load,
thickness unspecified) were obtained for low H;/N, ratios (Hz/N,=1). The films
had a (200) preferred orientation. Chlorine content was about 10% for both pres-

sure conditions.
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Mayr and Stock have also reported results for TiN formed by d.c. PACVD
(May:86). The reactive gases again were Hy, N;, and TiCly. Substrate tempera-
ture was maintained at approximately 500°C, and deposition pressure was 5 mtorr.
A (200) with some (220) oriented material formed consistently, with a composi-
tion that was stoichiometric over a wide range of N, and TiCly partial pressures.
Nitrogen deficient TiN was found at low Py, and N-rich TiN (N/Ti=1.1) was
found at low Pric;,. However residual chlorine contents were not reported. High
microhardnesses (2000-3000 Hv) were reportéd, but thickness was unspecified and
the low indentation load (15gm) raises the possibility of indentation size effects
and measurement error (see section 2.4.2) were present. The authors mention that
homogeneous gas distribution is required in the cathode region to obtain films of
uniform thickness and composition. Their film morphology was dense and colum-
nar (Zone 2, see section 1.4.7); they did not encounter the nodular structures that
Shizhi reported.

The difficulty with d.c. PACVD is that power density, voltage, and tempera-
ture (influenced by bombardment) are strongly interrelated. If an r.f. discharge is
used, low power densities can sustain a plasma with relatively less bias and bom-
bardment induced heating. Temperature and applied bias can be independently
controlled by separate power supplies. Thus, plasma volume chemistry, sheath
bias effects, and surface temperature can be more systematically investigated in
an r.f. plasma system than in a d.c. system. Shizhi and Hongshun have reported
forming TiN using an r.f. plasma (13.56 MHz) of N, Hz, and TiCl, at one Torr
on glass, low carbon steel, and mica (Shi:83). Vickers microhardness values of
2000 kg./mm.? were obtained with a 20 gram load (thickness unspecified) and
film growth rates of 17 A/sec. were determined. The Vickers magnitudes were
determined by optical measurements, which are subject to error at these low loads
and high hardness values (see section 2.4.2) (Shi:872). Columnar grained, golden
films were found at 470°C and above. XRD showed that the material had a strong

preferred orientation which could correspond to the (200) plane of TiN.

The important point to note in these studies is that the plasma allowed TiN to
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form from N3, Hz, and TiCl, at temperatures lower than are possible if the reaction
was only thermally driven—the free energy of the reaction becomes negative at
approximately 590°C (JANAF). The plasma also increased the growth rate. If
ammonia, NH3, is used instead of N, and H,, the critical CVD temperature would
be as low as 250°C. In conjunction with a plasma, an NH3-TiCl, reaction should
provide a fast, low temperature coating process. '

Kurtz and Gordon have recently (their results being. pui)lished simultaneously
to results published and reported in this thesis (Hil:86, Hil:862)) reported the
formation of TiN from TiCl; and NH; by CVD at atmospheric pressure between
temperatures of 400°C to 700°C (Kur:86). Carrier gases of He and Ar were used.
Chlorine content increased with decreasing temperature. Substrate materials were
primarily glass or silicon, though stainless steel was investigated. Poor adhesion
between the TiN and stainless steel substrates was qualitatively found. The au-
thors speculated that Cl degraded the near surface region of the steel, because
small amounts of iron would detach with the films. High growth rates (1000 A/sec.)
were obtained under some conditions, although growth rates of 5-70 A/sec. were
more typical. Chlorine contents were not specifically reported and indentation
hardness was not measured.

An alternative approach for producing films at low temperatures by CVD is to
use organometallic sources. Sugiyama et.al. reported the formation of TiN from
titanium dialkylamides in the temperature range of 250°C to 700°C using CVD
(Sug:75). The characterization indicatcs that a golden material formed with the
NaCl lattice structure and it contained Ti, N, and some carbon. Oxygen content
was not mentioned. Other groups have not been able to reproduce the Japanese

- results, which will be discussed further in Chapters 3 and 4 (Kur:86, Nie:86).
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1.4.6 Studies of Titanium Nitride-High Speed Steel Inter-
facial Adhesion:

Two groups have published studies of the effect of interfacial composition and
structure on coating-substrate adhesion in the context of high speed steel tool ap-
plications. Greene and his coworkers have studied sputtered TiC on steel (Pan:82,
Gre:78, Gre:76,Muk:75). The substrates were cleaned prior to deposition by d.c.
argon sputtering. Adhesion measurements determined by the Scratch Adhesion
Test (SAT), a technique which will be discussed further in section 2.4.2, were
correlated to interface composition, which was obtained by Auger Electron Spec-
troscopy (AES) while the coating was removed by argon sputtering to yield a depth
profile. In addition, the interface was studied directly in cross-section by transmis-
sion electron microscopy (TEM). Specially prepared coatings having the interface
composition through the entire coating were also analyzed by TEM. They found
that adhesion was improved by substrate biasing and lower gas working pressures,
which increased the energy of impinging atoms. This increased substrate bom-
bardment resulted in the formation of wider interfacial zones, consisting of Ti,
and Fe oxides. They concluded that the best adhesion was obtained by having
a wide (1000-30004) interface region of TiCxO;_x rather than higher oxides of
titanium.

Sundgren and his coworkers have published a study on the adhesion of sput-
tered TiN to high speed steel and the nature of this interface (Hel:85). The films
were formed by reactive sputtering at temperatures between 150°C and 600°C.
SAT experiments were performed as a function of temperature for three different
pretreatments: degreased; degreased and sputter-etched; and degreased; sputter-
etched, and deposition of an intermediate layer (1000A) of pure titanium. Scratch
adhesion test results were correlated to AES data. The authors propose that epi-

taxy plays a major role in the adhesion of this system. At high temperatures

above 400°C, where higher critical loads were obtained, they reported that the
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steel surface is FeO, which like TiN has the NaCl structure (a=4.314 and 4.24
A respectively). At lower temperatures, Fe;O3 and/or Fe30, are present, which
have different crystal structures. Identification of the iron oxides was based on
Auger depth profiling data. To date, they have not confirmed their assignment
of FeO with cross-sectional studies using TEM. They suggest that the Ti layer
pretreatment may reduce these oxides and improve adhesion, as was indicated by

SAT results.
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1.4.7 Zone Models of Morphology:

The film formation process influences ultimate coating structure. Cumulative
research of metal films and more recently of metal compound films produced by
evaporation, sputtering, and CVD show that there are similarities in structures
for all these techniques. A zone classification scheme has emerged which ﬁses the
dominant operating diffusion mechanism as a criterion. The original model was de-
veloped by Movchan and Demchishin, based on their investigations of metal films
formed by evaporation and condensation in vacuum. Homologous temperature
(T/Tm) of deposition was the only measure of diffusion mechanism dominance.
Thornton expanded the model to include the influence of gas molecule inpinge-
ment on surface adatom mobility during film formation in sputtering processes
(Tho:77, Tho:86). Along with homologous temperature, deposition gas pressure
was incorporated as an additional gauge of adatom mobility—with lower gas pres-
sures promoting higher surface mobility because impinging gas molecules had un-
dergone fewer collisions in the gas phase resulting in higher gas kinetic energies at
the point of impact. Sketches of the structures are shown in figure 1.8.

Using Thornton’s classification, the zone 1 structure is the result of limited
or no adatom mobility, favored at low T/T,, (Movchan T/T,, < 0.3) and higher
gas pressures. The morphology consists of large, dome-capped grain with poorly
defined fibrous interior structure. Each impinging atom is essentially frozen at
the point of impingement. Geometric effects dominate the process, so that sur-
face roughness and the shadowing of impinging atoms influences structure. The
films can be crystalline or amorphous, are often porous, and have generally poor
mechanical properties. The zone T (Transition) structure is favored by lower gas
pressures and higher T/T,,. The zone T structure has been described as “the
limiting form of a zone 1 structure at zero T /T, on infinitely smooth substrates”
| (Tho:77). It appears as a material with the zone 1 fibrous interior, but with a flat

top. Porosity is not present in these films, and they often have good mechanical
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properties. The zone T structure was first defined and categorized by Thornton.
The zone 2 structure occurs when surface diffusion dominates. The morphology
consists of well defined columnar grains with faceted or flat tops. Grain boundaries
are dense and mechanical properties are good. Movchan defined it as occuring be-
tween 0.3 and 0.5 T/T,,. The zone 3 structures occurs when bulk lattice diffusion
dominates. Grain growth or recrystallization can occur. The former will yield
columnar grains of larger size while the latter will promote an equiaxed grain
structure. The Movchan classification considered only the equiaxed possibility.
The Thornton classification has become a useful morphology labeling protocol
in the literature. However, Sundgren has correctly stated that in the case of binary
(or more) component films, chemical potentials can drive surface diffusion and
increasing heats of compound formation can increase adatom mobility which leads
to larger grain sizes (Sun:832). Sundgren’s studies indicate that the homologous
temperatures defined by Thornton as transition values between zones in unitary
films are often lower for metal compound films (Sun:86). He attributes these

variations to binary compound formation effects.
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Chapter 2
TECHNICAL APPROACH

2.1 Research Strategy:

The operational strategy of this study has been to characterize the coating-
substrate system as a function of deposition conditions. There have been two
stages: 1) Design and construction of a deposition system. 2) Development of
an understanding of the relationship between the physical properties including
thickness, morphology, crystallinity, bulk and interface composition of the TiN and
Ti(CN) coatings and the mechanical properties, including adhesion and hardness

of the films. These properties, in turn, depended upon deposition conditions.

2.2 Apparatus:

“A planar r.f. deposition system based on an earlier design (Wil:82, Wil:83)
was built for these experiments. This apparatus is a smaller version of industrial
models used for Si;N, deposition and reactive ion etching (Tho:83, She:84, Hes:84).
A chamber made of type 304 stainless steel (304 SS) served as the chemical reactor
and a separate connecting chamber housed an EAI quadrupole mass spectrometer
that monitored gas composition. A schematic diagram of the apparatus is shown

in Figure 2.1 and a photograph is shown in Figure 2.2.
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Figure 2.1: Schematic of plasma deposition chamber.
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Figure 2.2: Plasma deposition chamber.
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Pressures in the range 0.1-1.0 torr were maintained during the reaction using
a rotary mechanical pump (Sargent Welch 1397) with a trap cooled by liquid
nitrogen employed in the foreline. During the deposition,the mechanical pump
foreline pressure was maintained at 0.1 torr by flowing nitrogen gas to dilute the
reactants (particularly NH3) and to prevent oil backstreaming. The pressure in
the reaction chamber was monitored with a capacitance manometer gauge (MKS
Baratron 227A). The system pressure was adjusted by altering the input gas flow
by needle valves and by throttling the pump. A mass flow controller (Porter
Instruments model CM-4 monitor and model 200 F-S-V-C controllers [0-100 sccm])
was later installed for regulating hydrogen and nitrogen. This controller was used
to prepare films discussed in Section 3.3.5 (biased films) and 3.4 (carbonitrides).

The electrodes were two parallel circular plates (of diameter 4 in) electrically
isolated from the chamber. The isolation consisted of three ceramic r.f. standoff
posts. Two rf sources were used. Initially, an r.f. oscillator set at 12 MHZ was
amplified by an ENI model 2100L r.f. amplifier. Later, a more powerful amplifier
(an International Plasma Corporation model RM-116) set at 13.600 MHz was
used. A Heathkit model 5A-2060A antenna tuner matched the impedance of the
rf amplifier to that of the plasma through the top plate. The matcher utilized a
standard circuit consisting of two capacitors and an interposing coil. This plate
had a hollow annulus, into which gases such as NH3, H,, Ny, CHy, or Ar were
injected from a connection at the upper side of the plate. The gases left the
annulus through six centered holes on the lower side of the top plate, so that
the gases flowed radially outward between the plates. TiCly vapor drawn from
a liquid flowed into the system through a quartz conduit passing through the
center of the top plate. Externally, the TiCly flowed through teflon lines and was
stored in a glass Schlenk tube. The bottom electrode was a thin stainless steel
plate secured over a heater, which in turn was resting on a macor ceramic spacer.
The bottom ceramic was found to improve maximum sample temperature. This

electrode was generally grounded, although it could be floated or biased. When

biased, an isolation circuit (Figure 2.3) built at LBL was used to prevent the r.f.
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signal from damaging the d.c. supply. The heater temperature was monitored
with a thermocouple. An isolation circuit (Figure 2.4) designed at LBL was used
to prevent the r.f. signal from damaging the thermocouple voltmeter. For the
NH; and H, /N, studies, a resistive ring heater (Chromalox model A-20) was used,
which could provide a maximum temperature of 600°C. Later, a resistive flexible
rod heater (ARi Industries model BXX-13B-33-4T, Addison, IL) was utilized in
spiral form, which could provide a maximum temperature of 940°C.

Samples were clamped onto a holder (initially copper, later 304 stainless steel)
which was placed onto the lower electrode through an interlock and transfer mech-
anism developed in our laboratory. (See Figure 2.5) The interlock chamber con-
sisted of a UHV six-way cross with 2.75in conflat flanges. The interlock chamber
was isolated from the plasma chamber with a hand-operated gate valve, as shown
in Figure 2.6. The transfer chamber could be independently evacuated by a me-
chanical pump. The transfer device consisted of a claw mechanism which was
mounted onto a hollow rod. The claw was opened by a push-rod located inside
the hollow rod, activated by the hand of the operator, as shown in Figure 2.7.
The rod could slide through an LRL vacuum fitting, which had a O-ring Parker
seal assembly, as shown in figure 2.8. During deposition, the rod assembly was
replaced on the transfer cell by a blank LRL plug. During deposition, the samples
did not have thermocouples directly attached to them. Separate experiments were
performed to calibrate the permanent thermocouple on the heater to the temper-
atures measured at the sample surfaces with thermocouples directly spot welded

to them.

2.3 Materials:

Ammonia, hydrogen, nitrogen, argon, methane gases (Matheson) and TiCl,
vapor (Roc-Ric Corporation, Sun Valley, CA) were the starting materials. Most

of the deposition studies used M2 tool steel as the substrate, although coatings
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XBB 870-9588

Figure 2.5: Sample holder and the transfer claw. The M2 steel squares are 0.5in
wide and long.
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Figure 2.6: The interlock chamber.
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Figure 2.7: The transfer rod and chamber assembly.
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were also produced on glass and on 304 SS. The tool steel (Coulter Steel Co.,
Emeryville, CA) was rough cut into 1.27cm x 1.27cm x 0.48cm or 1.27cm x 0.64cm
x 0.48cm rectangles, austenitized at 1225°C for one hour in argon and quenched
in oil. The samples were tempered in air at 530°C for one hour and then at
510°C for one hour to achieve a Rockwell C hardness of 63-64. The thickness
of the sample was reduced to 0.318 cm by grinding. The surface to be coated
was subsequently polished with SiC paper and finally with 1ym diamond paste.
The samples were then cleaned in acetone and then in ethanol. Metallographic
investigation of the M2 steel revealed a mean grain size of 20um, with a tempered
martensitic microstructure having a fine carbide dispersion. Scanning electron
microscopy (SEM) and energy -dispersive spectroscopy (EDS) analysis showed
that the carbides either contain the alloying elements tungsten and molybdenum,

or vanadium alone.

2.4 Characterization:

In this study, two groups of film properties were investigated: physical and
mechanical. The former included morphology and thickness, crystallinity, and
composition-both bulk and interfacial. The latter primarily centered on adhesion
and hardness, although residual stress was also considered. Since excellent modern
references exist for the techniques used to investigate physical properties (For
SEM: Gol:75;for XRD: Sch:77, Cul:78; for AES and surface analytical techniques:
Ert:74, Som:81, Bri:83). only the experimental conditions will be reviewed in this
chapter. For adhesion and hardness measurement, the theory of the techniques

will be presented followed by the experimental conditions.
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2.4.1 Physical Properties:

Morphology and Thickness:

The morphologies of the M2 substrates and the TiN coatings were investi-
gated by optical microscopy and scanning electron microscopy (SEM). In order
to observe the coating cross section, the TiN-covered M2 substrate was impacted
with a Rockwell C diamond indenter under a load of 150kgf. The coating was
fractured around the indentation, often exposing the M2 substrate. By tilting
the sample in an SEM (ISI model DS 130,ISI WB-6,AMR model 1000), the coat-
ing cross section morphology and thickness could be determined.The microscope
beam voltage was generally either 20 or 30 KeV. Sample tilt for cross-sectional
morphology studies was usually 45°. For studies of the early stages of film growth,
the nucleation morphology was studied with lower tilt angles, of zero to 15°. For

thickness determination, tilts of 45° and 80° were used.

Crystallinity:

The crystallinity of the films was investigated by X-ray diffraction (XRD) with
a Siemens Kristallofflex diffractometer using Cu Ka radiation (A = 1.540 A). The
acceleration voltage was 40KV and the filament current was 30 mA. The angular
width of the slits had openings of .05 to .15°. Scan rates were either .01 or 0.1°
(20)/sec. XRD primarily yielded information on the crystalline orientation of the
films. As will be shown in chapter three, the major feature of interest was the (200)
peak of TiN. Table 2.1 lists the d-spacings and 26 values for the various reflections
of TiN, TiC, and TiO. Attempts were made to estimate coating grain size by
measuring the peak full width at half maximum and by using Scherers equation:
D=0.9)A/Bcosf where ) is the x-ray wavelength, B is the FWHM (in radian),
8 is the Bragg angle, and D is the average crystalline diameter increases. For a

single crystal, the diffraction peak should be, in theory, a delta function. However,
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Table 2.1: Crystallographic spacings and XRD angles (for Cu Ka radiation) of
the simple titanium compounds.

| Material | (hkl) | d (A) | 20 |
TiN 111 | 2.4497 | 36.640
200 | 2.1215 | 42.563
220 | 1.5001 | 61.768
222 | 1.2249 | 77.898
400 | 1.0608 | 93.082
TiC 111 | 2.4994 | 35.887
200 | 2.1645 | 41.678
220 | 1.5305 | 60.411
222 | 1.2497 | 76.071
400 | 1.0584 | 93.357
TiO 111 | 2.4071 | 37.314
200 | 2.0853 | 43.346
220 | 1.4752 | 62.937
222 | 1.2050 | 79.435
400 | 1.0441 | 95.046

instrumental line broadening occurs, because, for among other reasons, that no
diffractometer is perfect. The instrumental broadening of the diffractometer was
measured by scanning a Pt(111) single crystal, which has a reflection at an angle
(260 = 40.1 °) close to that of TiN(200). Investigation of the crystal using a variety
of slit aperatures revealed that line broadening is severe, in that the upper limit
of measurable D was approximately 400A. The source of the broadening was not

resolved and the technique was not pursued further.

Film Composition:

The bulk chemical composition of the films was studied in a separate cham-
ber by Auger electron spectroscopy (AES). This technique was selected because it
could detect elements below atomic number eleven, a disadvantage of normal en-

ergy dispersive spectroscopy (EDS). The spectra were obtained with a cylindrical
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mirror analyzer (CMA) system (Physical Electronics model 545 scanning Auger
microprobe [SAM]) which was routinely maintained at 5x10~'° torr. The analyzer
modulation was one volt and the electron beam energy was set at two keV. The
sweep rate was three eV /sec and the time constant was 0.3 sec. Typical specimen
currents were 75 nA. A channetron type detector was used (at voltages of 950 to
1200V).

Since AES is a surface sensitive technique, which detects only the first one
to three monolayers, initial investigation revealed film surface composition. Bulk
film composition was ascertained by AES analysis of films subjected to argon ion
sputtering which progressively ejected film surface material. The sputtering was
performed, (using a Varian gun, model 981-2043) under flowing conditions at a
pressure of 5 X 10~° torr using a 2KeV beam and an 880nA specimen current;
under these conditions, the sputtering rate was ai)proximately 8 A/ min. The rate
was calibrated by measuring the time to penetrate TiN samples of known thick-
ness (the latter determined by SEM). The sample position for the CMA focal
point was not coincident with the optimum sputtering condition. The two points
were approximately 0.25 in. apart. Therefore, AES was not usually performed
simultaneously with sputtering. When concurrent AES and sputtering were ex-
ecuted, the sample was positioned farther from the CMA, resulting in reduced
signal and spectrum shifts (of approximately ten eV). Argon pressure was reduced
to 2 X 10~° torr, to conserve the electron gun filament, and the specimen current
dropped to 380 nA. The sputtering rate was assumed to drop linearly with ion
flux, yielding an estimated sputtering rate of approximately 3.4 A/sec.

The data obtained by AES was used to estimate film composition by employing
a semi-quantitative calculation found in the literature (Dav:76). The elements of
interest were chlorine (LyM;3M; transition at 181 eV), carbon (KLy3Lo3 transition
at 273 eV), nitrogen (KL3L,3 transition at 383 eV), titanium (L3M23M,3 transition
at 387 eV and L3M, sMys transition at 418 eV), and oxygen (KL23L,s transition
at 510 eV). Analyzing the surface composition of the TiN films is made difficult
by the overlap of the nitrogen peak and the titanium peaks at 383 eV and 387 eV
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respectively. However, measurable changes occur in the intensity and shape of the
387 eV titanium peak as nitrogen is added. Specifically the (Ti + N)agzev: Tigisev
Auger peak ratio increases as nitrogen content increases. Schneider and Nold
(Sch:81) found this ratio to increase from 0.74 to 2.03 in going from a pure metal to
TiN, whereas Dawson and Tzatzov (Daw:85) using a retarding field analyzer (RFA)
observed a change from 0.71 to 2.63. The value obtained by the latter researchers
should be corrected to account for the varying resolution of CMA-type analyzers
(AE a E). A first order correction converts the value of the ratio from 2.63 to
2.43. Although the reported values differ, the trends remain the same. This range
of ratios from 2.03 to 2.43 probably stems from different spectrometer settings
used by the investigators. Accurate determination of the stoichiometry of titanium
nitride films requires the analysis of known standards using the same spectrometer
under identical conditions. Such standards are not presently available. As a first
order standardization, commercially prepared CVD TiN films (provided courtesy
of Dr. Ron Peters, Fansteel VR Wesson) were examined by AES. The results will
be discussed in chapter three.

In order to facilitate the calculation of impurity concentrations, an assumption

was made that the N:Ti ratio was equal to one. For each element, the peak-to-peak
amplitudes were measured on a plot of the derivative of the intensity with respect
to energy during modulation (dN/dE) versus electron energy (E). The Tijgev
peak was used to represent titanium. The amplitudes were scaled by sensitivity
factors, determined by Levin (Lev:87) for a two keV incident electron beam. The
values are: 1.01 for Cl, 0.157 for C, 0.511 for Ti, and 0.567 for O (the value for
N would be 0.347). The atomic concentration for each element is given by the

following equation:

Cx = (Ix/Sx)/Z(L/S:)

where Cy is the atomic concentration of element X, Ix is the peak-to-peak ampli-

tude for a particular peak, and Sx is sensitivity factor for element X.
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Interface Composition: .

The ability of a coating to adhere to a substrate is an essential requirement
for an effective protective film. Interface composition is an important factor influ-
encing adhesion. In order to measure interface composition with AES, the entire
coating must be removed to expose the interface. Argon ion sputtering has been
traditionally utilized for this purpose. The sputtering technique is very time con-
suming when coatings of mechanically useful thickness (2-10x) are studied. In
addition, the intense forward momentum transfer from incident ions to surface
atoms causes a substantial intermixing of surface and near-surface layers. There-
fore, very sharp composition gradients within a thickness of a few monolayers
at an interface cannot be adequately resolved. More importantly, the sputtering
technique does not provide any information about the mechanical properties of
the film. As will be discussed in section 2.4.2 the scratch adhesion test (SAT) is
used to quantitatively evaluate the adhesive properties of protective coatings. A
contacting diamond stylus causes film removal either in a cohesive mode (frac-
ture occuring within the coating) or in an adhesive mode (detachment occuring at
the interface) when a critical load (L¢) is exceeded. Auger analysis of scratches
created in ultrahigh vacuum (UHV) provides information on the composition of
the failed regions. If the adhesive mode is operative, interface composition can be
assessed. This approach makes it possible to resolve sharp composition gradients
and to quickly analyze coatings of mechanically useful thickness.

In order to test this approach, an UHV in-situ scratching device was designed
and built in our laboratory, as shown in Figures 2.9-2.11.  The device consists of
a Rockwell C type diamond indenter (Wilson Instruments Co.) with a tip radius
of 0.2mm identical to the type used in our SAT apparatus and similar to those
used in commercial units (Per:83, Hin:84). A rod and bellows assembly transmits
force and motion, applied manually by the operator. The device was positioned so

that it could be sputter cleaned between scratches. Following analysis in the SAM
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XBB 870-9590

Figure 2.9: Photograph of the external SAM chamber, showing the a)scratcher,
b)CMA, c)sputter gun and d)manipulator.
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XBB 870-9594

Figure 2.10: Photograph of the internal SAM chamber, showing a)samples on ma-
nipulator, b)scratcher, c)CMA and d)high pressure cell (open position).
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Figure 2.11: Schematic of the scratch removal device.
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system, the morphology of the scratched regions was examined by SEM. EDS was

also used to determine the bulk composition of various features.

s

2.4.2 Mechanical Properties:

At present, there is no set of laboratory mechanical tests which can accurately
predict coating performance in tool applications. Field testing is still required
for assessment of performance in particular situations. However, there are two
coating properties which are important when comparing films made by different

deposition conditions or techniques: adhesion and hardness.
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Adhesion Measurement:

Background: Adhesion is often used in a broad sense to describe the sticking
together of two materials with or without an intermediate layer. The situation can
be quite complex since the average adhesive joint has two interfaces at which fail-
ure can occur and three regions of potential failure. Weaver suggests that the term
adhesion should be strictly reserved for “the boﬁding between two different ma-
terials and carries the implication of intimate contact at the interface” (Wea:75).
Attempts to measure adhesion defined in this manner face two difficulties, the first
being to obtain perfect contact (or a known area of perfect contact) and the second
to apply stress in a manner that allows the force (or energy) required to separate
the two materials to be accurately determined. A corollary to the second point
is that stresses intrinsic to the materials and energy dissipation processes other
than separation, such as dislocation formation, surface reconstruction, and surface
chemical reactions (i.e. adsorption, oxidation, or corrosion), must be eliminated
or taken into account.

The problem of contact has proven to be formidable. One consideration is sur-
face composition, which can be controlled with modern vacuum technology. When
two clean metal, ie surface oxide and contaminant layers removed, surfaces are
brought together in ultra-high vacuum, they join together and the forces required
for separation can be very large. If well characterized dopants or adsorbates are
placed onto the surfaces prior to contact, the force required for separation drops.
Using surface analytical techniques and strain-gauged sample holders, Buckley and
others have developed interesting correlations between the measured friction coef-
ficient and prior surface chemistry (Buc:70, Buc:72, Miy:82, Miy:83). Attempts to
extend this approach as an experimental model for solid-solid interfaces or grain
boundaries have failed spectacularly, by yielding fracture strengths greater than
the metal-metal cohesive strength (which should be the highest value measured
since fracture will occur at the weakest link, either the metal-metal bond or the

metal-dopant bond) and by suggesting that known grain boundary embrittling
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Table 2.2: Estimates of the real area of contact of selected materials, utilizing the
indentation hardness of the material and the Vickers relationship between load and
hardness. The indenter material is assumed to be harder such that it is deforming
elastically. Examples for two indentation loads are given.

Metal Hardness | Area of Contact (mm?*)
(kg./mm?) lg. 1000 g.
Al 15 6.7 X 10°° 0.067
Au 20 5X 10~ 0.050
Cu 40 2.5 X 107° 0.025
Fe 120 83X10"° | 83X 1073
[ Tool Steel 800 1.25 X 10-° [ 1.25 X 10~3

agents (such as P or S in steel) improve adhesion (Har:79).

The source of failure with this UHV approach stems from another issue of con-
tact, the topography of real surfaces. Even well-polished surfaces are in fact rough
on an atomic or near-atomic (10-1000A4 )scale, which has long been known (Bow:60)
and has recently been reemphasized by scanning tunneling microscopy (IBM:86,
Sal:87). Table 2.2 shows estimates the real area of contact of selected materials,
utilizing the indentation hardness of the material and the Vickers relationship be-
tween load and hardness (see the next section). The indenter material is assumed
to be harder such that it is deforming elastically. Only under extreme pressure can
reasonably high interfacial contact be developed between two materials. Release
of this pressure produces partial separation due to the release of stored elastic
energy. (This release does not happen in a friction experiment where the com-
pressive load is applied throughout). The junctions of these separated surfaces are
atomically sharp cracks, which can act as stress concentrators, amplifying applied
stresses and promoting further separation. Though applied force can be accu-
rately measured, the real area of contact, which is needed to compute adhesive
energy per atom, is not easily measured. Resistivity measurements are subject
to artifacts in the form of non-linear interactions between contact points when

they are close (Bow:60) and the uncertainty of the effect of interfacial impurities
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/dopants on resistivity. The relationship between the arrangement and concen-
tration of previously placed dopants/ adsorbates on surfaces prior to contact and
within the junctions after contact is completely unknown. It is probable that the
mechanical forces transmitted through the junctions and the chemical interaction
of the surfaces joining heterogeneously induce redistribution and rearrangement
of dopants. The chemical effect in this context, for example potential structural
rearrangement of an adsorbate on a surface induced by the subsequent deposition
of submonolayer to several monolayer coverages of additional metal atoms, has not
been studied by surface analytical techniques, though studies of the interaction of
CO and NO with organic adsorbates indicate that interactions can occur which
affect adsorbate order (Lin:87). |

There is a situation in which the problem of contact is minimized or often elim-
inated. When vapor atoms are condensed or reacted onto a surface, the resulting
thin film or coating that forms generally has intimate conformal contact with the
original surface. Since coating adhesion is of relevance to this text, this maximiza-
tion would seem to be fortuitous. However, problems remain for quantitatively
assessing true thin film-substrate adhesive strength (using Weaver’s definition).
The situation is more complicated than the ideal of measuring an applied force
necessary to separate an interfacial area into two surfaces. Intrinsic stresses can
be present which interact with applied stress, the summation constituting the ac-
tual stress that a material experiences. These intrinsic stresses will scale with film
thickness. Another problem is that non-separation dissipation energy processes,
mentioned earlier, must be eliminated or taken into account.

Before considering testing and measurement, it is prudent to consider the ex-
pected magnitudes of adhesion forces. If perfect contact is achieved, then the
lower limit of adhesion should be van der Waals bonding. If lower adhesion values
are reported, then the experiment is questionable and the artifacts of imperfect
contact, intrinsic stresses, or defects which act as stress concentrators should be
considered. As pointed by Weaver, a survey of the literature suggests that this

lower limit is usually of the order of 10° dyne cm~? (103Nm~?). He further notes
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that:

“Historically, there have been several approaches to measuring thin
film adhesion. One is to stick, solder, or cement a solid object to a film,
as a means of creating a mechanism for the transmission of force. A
variation of this idea are peeling tests, one form of which is the ‘Scotch-
tape’ test wherein a pressure sensitive tape is pressed on to a film and
then stripped off rapidly. As a first approach, this test is a valuable
qualitative tool. On a quantitative level, these tests generally give val-
ues below the van der Waals limit. Poor contact, force measurement
difficulties, and the development of additional intrinsic stresses during
the joining process are suspected sources of error. Film detachment
during large acceleration in ultracentrifuges have been studied. How-

- ever, the mass of the film is needed to calculate normal forces and
in order to generate sufficient forces large masses are needed which

increase the potential for intrinsic stress effects.”

The most reliable method, to date, to evaluate film adhesion is the scratch
adhesion test (SAT). As shown in Figure 2.13, the test consists of introducing
stresses at the interface by deforming the surface by means of the indentation
of a moving diamond tip (r=200pm, comical angle 120°). The applied load is
increased until the deformation causes stresses which result in flaking or chipping
of the coating. The smallest load at which fracture occurs, either adhesive failure
at the interface or cohesive failure in the coating (or. substrate), is termed the
critical load (L¢).

The history of the scratch test can be divided into three eras. The first period
consisted of the introduction of fhe test and its application to the study of thin
metal films on glass (circa 1959-1970). The test was first proposed by Heavens
and introduced by Benjamin and Weaver (Ben:60), who used a steel indenter

instead of diamond. Failure was defined as the load sufficient to remove film

which would allow light to pass through the exposed portions of glass. Their
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initial paper introduced the apparatus and presented an explanation as to how
a compressive indentation could produce fracture. Their analysis showed that
plastic deformation of the substrate introduced a shearing component or tensile
hoop stress at the film substrate interface around the rim of the indentation. A
simple relationship between the applied load and the shearing force was developed,
so that adhesion could be caiculated as a shearing force. They subsequently studied
many metals evaporated on glass (deposition pressure: 10~>Torr), including Ag,
Al, Ay, Cd, Cr, Cu, Fe, Mg, Mo, Ni, Pb, Sn, Ti, and Zn (Ben:602, Ben:61). They
were able to correlate higher oxygen affinity of a particular metal and oxygen
concentration with improved adhesion to glass. By depositing bilayers of Au and
Al, the former adhering poorly and the latter adhering excellently to glass, they
showed that adhesion improved as the aluminum diffused to the interface. Their
studies showed that the Lo was determined by the properties of the film-substrate
interface, varying with changes in one or the other material but showing no direct
correlation to the mechanical properties of either. In subsequent years, SEM
investigation of the scratches showed that the films detached ahead of the stylus,
which was not predicted by the original deformation analysis. The discrepancy
was attributed to the presence of intrinsic tensile stresses, which would tend to
promote fracture beyond that created by the deformation stress, with the detached
film curling in front of the stylus (Wea:75).

The second historical era of the scratch test began with Greene and his cowork-
ers (circa 1974), who were the first to study a composite in which the coating was
harder than the substrate, the first to present a means for determining Lo when
an opaque substrate was used, and perhaps the first to routinely use a diamond
tip (Gre:74). They investigated TiC films prepared by r.f. sputtering deposited
(at.a pressure of 1.7 X 1073 torr) onto high speed steel squares. Their SAT appa-
ratus consisted of an x-y-z micromanipulator upon which the sample was placed.
The diamond tip (radius 35um) was mounted on a modified triple beam balance
which provided controlled loads. The scratches traverses were made either by a

constant velocity motor or by hand. Failure was determined by Energy Disper-
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sive Spectroscopy analysis of the scratches in an SEM. Significant detection of the
substrate material was the criterion for failure. A 15 KeV, 2um diameter electron
beam was used, which was found to provide the best compromise between mini-
mum penetration of electrons through the carbide coating (0.1-1.5um thicknesses)
to the steel substrate and the efficient excitation of the radiation of interest. In
their initial study, they found that substrate preheating improved adhesion and
that there was a room temperature aging effect, with SAT L¢ improving for a
period of time (20-50 hours) after deposition until the same constant value was
obtained. The simple apparatus design used by Greene was refined in the late 70’s
and commercial instruments were available by the early 1980’s (Per:83, Hin:84).
The instrument has a diamond tip stylus (r=200um 120°), which is motor driven.
The load can be applied stepwise or continuously. L¢ is determined by optical or
electron microscopy and/or by acoustic emission (AE). There is a good correla-
tion between the onset of AE signal and the observation of initial damage, though
OM/SEM/EDS analysis is the most reliable. The repeatability of L¢ determina-
tion for a particular specimen is generally within 10%.

The scratch adhesion test’s most frequent use at present is as quality control
monitor for industrial production of coatings. The test is repeatable, and results
from different locations can be compared, provided that a variety of variables are
kept constant. A great deal of empirical correlation exists between Lo values
measured on various coating/substrate combinations and performance in actual
application. Extensive studies by Hintermann and also by Perry empirically estab-
lished credibility (Hin:84, Per:83). A major problem with the scratch test is that
the relationship between the measured critical load and actual interfacial adhesion
strength is not well understood. The third era of the scratch test, now underway, is
the development of a better understanding of the test and sample parameters that
influence fracture and a classification of the fracture modes. Apparatus parame-
ters include stylus tip radius and stylus velocity. Lc has been found to increase
with both, though velocity has less influence, and their values are generally stan-

dardized (r=200pum and dx/dt=10mm/min). The radius effect stems from the
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fact that a smaller tip concentrates a given load into a larger deformation stress.

Materials related parameters that influence the value of L¢ besides interfacial
adhesive strength are tip-coating friction coeflicient; coating thickness, modulus,
and hardness; intrinsic stress; and substrate hardness and toughness.. The critical
load has been observed to drop with friction coefficient (Ste:85). The explanation
is that the mechanical coupling between the tip and the coating improves with
increasing friction, and the applied load is more efficiently transmitted into the
film. Critical loads often rise with increasing coating thickness, but under some
conditions no dependence or even a decrease is seen. When a solid is subjected to
a localized force the magnitude of stress at an arbitrary point in solid decreases
with the distance between the arbitrary point and the point of force application
(the indentation at the sample surface in this case). Thus, in order to obtain a
particular value of stress at an interface (which leads to a critical strain as will
be explained), the load applied at the sample surface will have to be increased as
the thickness increases. A flat dependence with thickness may indicate fracture
initiation in the film. A decreasing L¢ vs. thickness behavior is often attributed to
severe intrinsic stresses, which would increase with thickness and could contribute,
in conjunction with applied stress, to fracture.

The Young’s modulus and indentation hardness characterize the elastic and
plastic properties of a material, in particular relating stress to strain. By definition,
adhesion of a coating to a substrate necessitates that the total strains of each
material are equal at the interface. Unless their mechanical properties are identical,
there will be a stress discontinuity at the interface when the system is subjected
to external stresses. Interfacial failure will relieve the energy associated with this
discontinuity as well as relieving stresses in the coating. The more dissimilar
the mechanical properties are, the greater the stress discontinuity. As a general
hypothesis, changes in the substrate or coating properties which increase this
discontinuity should lower the critical load necessary to cause failure because the

greater discontinuity amplifies the interfacial stress generated by a fixed applied

load. Thus, for a hard coating on a softer substrate, a reduction in substrate
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hardness should decrease critical load. This result has been observed for TiN and
TiC on steels and cemented carbides, as noted by Steinmann (Ste:85) and by Perry
(Per:87). Using the discontinuity argument, observed lower values of L¢ for TiC
relative to TiN on the same material substrate can be explained by the higher
Young’s modulus (and hardness) of the former compound.(Eric= 447 GPa, Erin
= 250 GPa (Per:86)) Toughness, which is the resistance to crack propagation,
is another important property. Though cemented carbides are harder than high
speed steel, they have a lower toughness, and lower values of L¢ for a given coating.

Mechanistically, there is an intrinsic relationship between the hardness test and
the scratch adhesion test. Both use an indenter to cause an irreversible deformation
of the coating and substrate. Benjamin’s (Ben:60) and Weaver’s (Wea:75) analysis
utilized fully-plastic indentation theory, while Laugier used elastic Hertzian inden-
tation theory (Lau:84, Lau:86). Burnett and Rickerby are the first to analyze the
deformation beneath an indentation made on a coated substrate using the mod-
ern elastic/plastic (EP) indentation theory often found in the ceramics literature
(Bur:87). A feature of their EP analysis is that plastic strain during indentation
occurs only laterally, parallel to the surface. There is no vertical displacement or
pile up around the indentation, which would occur with full plasticity, for example
in the case of a soft metal.

A relationship between hardness and interfacial constant stems from this anal-
ysis as will be shown in the next section. As for the scratch test, using EP analysis,
Burnett and Rickerby examined the effect of thickness, substrate and coating me-
chanical properties, friction, and coating internal stress on measured Le. Two
failure criterion were evaluated. One was the elastic energy balance criterion, ini-
tially proposed by Laugier, which states that the energy required to form the new
surfaces generated by the detachment (spallation) of a coating must be balanced
by the release of stored elastic energy. The other criterion is that of interfacial
shear stress, whereby adhesion failure occurs when a critical shear stress is ex-
ceeded. Their analysis indicates that the critical shear stress criterion is better,

correctly predicting the effect of various factors on L¢ as compared to observed
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data. The energy balance fails primarily because it predicts that Lo decreases
with thickness. Given the number of factors which affect L¢, interpretation of
SAT results is in the general case quite difficult. The only case where changes in
L¢ values qualitatively represent changes in interfacial adhesion is when all other
factors (thic}cness, coating and substrate properties) remain constant. If adhesion
is held constant, then other factors can be investigated.

Aside from the ambiguity of the relationship between L¢ and adhesion, there
has been a lack of common nomenclature in the literature to describe the exact
nature of failure. Burnett and Rickerby’s work will be landmark because they
have provided such a classification system. They have defined five failure modes,

shown in Figure 2.14 and defined as follows:

“The spalling and buckling coating failure modes occur as a result
of the compressive stress field preceding the moving stylus (Figs. 2.14
a, b). Spallation is the result of total delamination (adhesive failure)
whilst partial delamination - at some characteristic distance ahead of
the stylus - results in buckling and éracking in a roughly semi-circular
arc in front of the scratch. When this buckling or spalling is close to the
leading edge of the stylus the chip may be ridden over and embedded
in the bottom of the track, whilst beyond the edges of the scratch
such regions will still be free to spall resulting in a crack with regular
chipping on either side. This is commonly found in scratch testing
(e.g. Per:83, Ste:85 and Fig. 2.14 c). Je et al (Je:86) suggested similar
mecha.ﬁisms for coating failure modes.

The remaining failures, conformal cracking and tensile cracking
(Fig. 2.14 d and e) occur when the coating remains fully adherent. The
conformal failure mode consists of cracking within the scratch only, the
cracks following semi-circular trajectories parallel to the leading edge of
the indenter. These form as the indenter deforms the coating and the
underlying substrate resulting in tensile bending moments within the

coating as it is pushed down underneath the indentor (see Fig. 2.14d).
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While the tensile cracking failure mode appears superficially similar to
the conformal cracking described above, the semi-circular crack traces
are now parallel to the trailing edge of the indenter, i.e. mirror images
of the conformal cracking. (Fig. 2.14e) These cracks form as a result
of the tensile frictional stresses present behind the trailing edge of the

stylus, these balancing the compressive frictional stresses ahead.”

The use of the Rockwell hardness indentor (C scale) as a tool for thin film
adhesion assessment has been the subject of recent research by Jindal, Quinto
and Wolfe (Jin:87). They have studied PVD-produced and CVD-produced TiN
and TiC coatings on WC-Co substrates. Two parameters useful for adhesion
quantification can be measured. First, the critical load (Pc) necessary for crack
initiation along the interface around the indenter can be measured. In addition,
a series of indentations above Pc can be made, which cause larger delamination
beyond the indenter rim. A fracture toughness parameter can be derived from
the shape of a load vs crack length plot. This procedure is very new and not yet
employed on a wide scale. It is mentioned because some qualitative results that
will be presented in Chapter 3 can be used to make comments on adhesion using
Jindal et.al.’s quantitative study.

In summary, adhesion measurement between two solid bodies, in general, is
a difficult problem. In the case of thin films or coatings prepared by vapor de-
position techniques, the ambiguity of establishing perfect contact is minimized.
Indentation contact processes are the most widely used means of applying forces
in a controlled manner to quantitatively evaluate interfacial adhesion. The stress
field under the indentation is quite complex, and the exact relationship between
applied indentation force and interfacial adhesion is unknown. Deformation pro-
cesses in the coating and the substrate, the discontinuity of material mechanical
properties at the interface, and friction between the indentor and coating surfaces
all obscure the relationship between indentation load and adhesive strength. If

these factors are controlled, established tests like the scratch adhesion test can
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be used to evaluate the influence of deposition parameters on adhesion. There is
a body of standardized data emerging into the literature which can be used, but

only with caution.

Experimental Procedure: The TiN and Ti(CN) coatings produced by PACVD
on M2 steel were quantitatively evaluated for adhesive properties with the scratch
adhesion test. An instrument, based on the design of Greene was constructed
in our laboratory. Shown in Figure 2.15, the device consists of an indenter, an
x-y-z manipulator, and a loading balance. A Rockwell C 120° conical diamond
indentor (r=200um-checked with SEM) was mounted on the balance, pointing
upward. Lead weights were placed on the balance, which has a 3:1 mﬁltiplication
arm. The samples were glued onto a braced SS 304 block using a cyanoacrylate
adhesive (‘super glue’). The samples were mounted flush against the brace so that
the shearing force of the diamond was absorbed primarily by the brace and not
the adhesive. The diamond stylus, powered by the operator through manipulator
screws, was traversed across the film surface towards the brace. Stylus velocity was
of the order of ten mm/min. After each scratch, the sample holder was moved over
to expose fresh surface to the diamond. Loads were adjusted after each scratch.
After scratching, the films were examined by optical and often scanning electron

microscopy to determine the onset of failure and the fracture mode.
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Figure 2.15: Photograph of the scratch adhesion tester built at LBL used for this study.



CHAPTER 2. TECHNICAL APPROACH ' 72

Hardness Measurement:

Background:

The hardness of a material is a measure of its resistance to deformation. Al-
though materials can deform elastically and plastically, the range of strain over
which most crystalline metals and metal compounds elastically deform is small, so
that their hardness is generally controlled by their plastic properties. As O’Neill
wisely stated, “hardness, like the storminess of the seas is easily appreciated but
not reé,dily measured.”(Tab:51). The oldest form of hardness measurement is
scratch hardness, which depends upon the ability of one material to be sratched
by another. This approach was put on a semi-quantitative basis by Mohs (Moh:22),
who selected ten minerals as standards, ranging from talc (scratch hardness 1) to
diamond (scratch hardness 10). Static indentation methods are the most widely
used. These involve the formation of a permanent indentation in the surface of a
material to be examined, the hardness being determined by the load and the size
of the indentation formed. A third type of hardness measurement is that‘involving
the dynamic deformation or indentation of a specimen. Elastic properties become
more important with this approach.

Indentation hardness is the equivalent of the average pressure under the in-
dentor, calculated as the applied load divided by the projected area of contact
between the indentor and the sample. This average pressure is obviously related
to the yield stress (Y) of a material. From plasticity theory, which is outside of
the scope of this text, it can be shown that deformation begins under the indenter
when the pressure exceeds 1.1 Y, and that the subindenter region is fully plasti~
when the pressure reaches 2.6 to 3Y. Thus, hardness test data can yield an esti-
mate of Y. In addition, there often exist other correlations between hardness and
other properties, such as ultimate tensile strength and wear resistance of materials.
These correlations combined with the general ease and low cost of testing, explain
why hardness measurement is popular for industrial bulk material characterization

and quality control.
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Every indentation hardness testing apparatus has three essential components:
an indenter, a mechanism for applying the indenter with a controlled load against
a surface, and a means of measuring the resulting indentation projected area.
The Rockwell test (C scale) uses a circular diamond cone with an included angle
of 120° and a spherical radius of 0.2mm (200uzm). A load of 10kg is applied to
establish contact and to provide a depth datum. An additional load of 150kg
is then superimposed and the increased depth of penetration is measured by the
instrument to give the hardness on the Rockwell C scale. In principle, knowledge
of the penetration depth and geometry would yield projected area. However, the
Rockwell value is defined as 100 - [depth of penetration (in hundredths of an
inch)x100]. Thus the higher the Rc, the harder the material. A typical value of
tempered tool steel is R,=60. (For sake of completeness, it should be pointed out
that there is an A and B scale to the Rockwell test, which uses steel ball indenters
and lighter loads. These variations are used to provide quantitative information
on softer materials.)

The Vickers test uses a polished sharp-pointed square pyramid of diamond
having an included angle between opposite faces of 136°. Loads range from one g
to one kg. The diagonals of the resulting impression are measured with an optical
microscope. Using this diagonal displacement and the load, Vickers hardness (Hv-

where F specifies the load in grams) is computed by the following relationship:

_ TestLoad(Kgf)
va " SurfaceAreaofIndentation(mm?)

C = 2FJI:210£2'X1000
F
= 1854X &

where F is the test load (g), d is the arithmetic mean of the two diagonals, and d,
(um), and @ is the angle between the opposite faces at the vertex of the pyramidal
indenter (136°).

This equation indicates that the size of the diagonal and hence the indentation

depth, diminishes as load decreases. Thus, the depth sensitivity of the hardness
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test should decrease as load decreases which means that the Vickers test is more
surface sensitive (and hence more relevant for studying thin films and coatings)
than the Rockwell test. This, in fact, is true, but the depth sensitivity is governed
by the regions beneath the indentation where plastic strains dominate or are com-
parable to elastic strains (referred to as plastic (P) and elastic-plastic (EP) defor-
mation zones respectively), and is therefore greater than the indentation depth.
Using slip-line analysis, Tabor using the geometry of a flat punch (Tab:51), and
later Ninham using the geometry of a Vickers indenter (Nin:86), showed that the
depth of the elastic plastic zone is on the order of the punch diameter or inden-
tation diagonal. In the Vickers case, this can also be expressed as five times the
indentation depth. Thus, to investigate coating hardness, the test load should be
light enough to eliminate plastic deformation into the substrate. Experimentally,
Jonson and Hogmark have found that elimination of the influence of the substrate
on hardness measurement of film material requires that the ratio of indentation
depth to film thickness should not exceed a critical value which generally varies
between 0.07 and 0.2, where the most unfavorable case is that of a hard coating
on a softer substrate (Jon:84). For TiN, Sundgren (Sun:83) and also Hummer
and Perry (Hum:83) have observed that the minimum ratio of film thickness to
indentation diagonal required to eliminate substrate effects is one. For TiC, which
is harder than TiN on the same substrate, a ratio of 1.5 was required.

Even without substrate influences, other phenomena can occur at low loads.

The previous equations can be rewritten as:
F = kH,d"

where k is a constant that accounts for indentation geometry, and H, is the intrinsic
hardness of the material. The exponent n is equal to two if measured hardness
~does not vary with indentation size. However, in some cases n has been found to
be less than two, which implies that the measured hardness of a material should
increase with decreasing d. Examples of three such cases are given in Figure 2.17.

The origin of this ‘indentation size effect’ is not fully understood. If the near
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Figure 2.16: Schematic of the Vickers hardness test, showing the zones of deforma-
tion. (After Tab:51, Nin:86.)
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surface region due to a different atomic arrangement or defect structure is harder
than the bulk, the results in Figure 2.17 can be qualitatively understood. Elastic
recovery of the indentation may also be more dominant at light loads. Elastic
recovery of the indentation has long been recognized to produce a greater percent
contraction of the indentation depth length versus the diagonal length, making
hardness estimation by the former more prone to error.

Given these c‘ons.iderations, there are three valid approaches for evaluating thin
films in practice. The first approach is to use a standard Vickers tester in a range
of reasonable moderate to high loads on thick films. This was done by Sproul in his
study of TiN. Thicknesses of 9.5um were used at 100 and 200 gm loads. Substrate
influence 4was minimal under these conditions (given that the film hardness was

.~2300kg/mm?). The agreement between the results for the two loads suggests that

indentation size effects were not operative. Finally, the large size of indentations
reduced measurement error. The advantage to this approach is that commercial
instrumentation is readily available. The disadvantage is that the films are often
specially prepared, sometimes being thicker than these actually used in tools.

A second approach is to separate film and substrate contributions to measured
hardness at low loads and thickness, obtained using conventional testing equip-
ment, using a law-of-mixtures approach. The composite hardness H.omp, is defined

as
Heomp = LH; + L H,X?

where Hy,H, are the coating and substrate hardness values, V;,V, are the deform-
ing volumes of the coating, and X is an interface constraint parameter used to
modify the size of the substrate deforming volume. This form was developed by
Burnett and Rickerby (Bur:87) using elastic-plastic indentation theory; a variation
has been used by Jonson and Hogmark (Jon:84).. Values of Vy and V, must be
' calculated and X experimexitally determined. The higher the value of X, which
means that interface adhesion is better, the more the substrate influences com-

posite hardness. For TiN on tool steel, X=1, while on stainless steel X=20.67. The
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technique allows standard equipment to be utilized at lower loads and thicknesses.
Though good agreement has been obtained on a variety of film/substrate systems,
the drawback of the technique is that the relative volumes are calculated.

The third approach is to miniaturizé the indentation process, using low loads
(10puN - 100mN) and sensitive depth sensing instrumentation. Ultramicrohard-
ness testers using an inductive displacement transducer (Wie:84) or a capacitance
bridge (New:82) are reported to have a resolution of depth measurement of 504.
The most sensitive system is the nanoindenter (Doe:86, Doe:862) which can achieve
a resolution of 20-30 A with a capacitance gauge. However, in order to produce
repeatable data and to minimize indentation size effects (which appear even with
this instrument), the minimum displacement of the indenter is about 2004 and a
film thickness of 20004 is thus required. This instrument is just becoming commer-
cially available. As stated earlier, measurement of indentation diagonals are less
affected by elastic recovery as opposed to those of depth measurements. Therefore
an instrument that can measure the diagonal is desirable. The scanning tunneling
microscope (STM) seems to be a promising candidate for further developments
in fine scale hardness measurement. This instrument can in principle make an
indentation in a controlled manner and then image the deformation. Images of tip
induced deformation have been reported (IBM:86). However, surface roughness
will be the ultimate limit on hardness measurement. As an example, magnetic
disks used in computer storage, which are manufactured in large volume, have
stringent tolerance requirements. Yet the arithematic mean roughness (or average
deviation from the centerline of the profile) of these devices often is of the order

of 40-70A (Tsa:87).

Experimental Procedure: A standard Vickers microhardness instrument was
used (Buehler Micromet). Early studies of 2um thick TiN films synthesized by
PACVD using TiCly and NH4 were examined with loads of 15, 25, 50, and 100gm.
Ten measurements were made for each load. Films synthesized using H; and

N, instead of NH; were examined with loads of 100 and 200 g, though some
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indentations at 25 and 50 g were performed. These films were 8 to 10 um thick,
and thus the measurements were along the approach taken by Sproul (Spr:83).
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Chapter 3

Experimental Studies and Results

The results presented in this chapter are organized on the basis of the reactants
used to synthesize TiN. This format is appropriate because the coating physical
and mechanical properties are logically discussed within the context of deposition
conditions. The initial priority of the project was to produce TiN at the lowest
temperature possible by exciting the most reactive feedstocks in a plasma. Using
TiCl, as a source of titanium, thermodynamic calculations of the standard state
Gibb’s free energy of formation, AG?, shown in Figure 3.1 indicate that NH3 would
be a better coreactant than H, and N, because the former will form TiN without
a plasma down to temperatures of 300°C. In contrast temperatures greater than
580°C are needed to form TiN from TiCly, H, and N,, without a plasma; TiC
synthesis requires temperatures in excess of 820°C when TiCly and CH, are used
without a plasma.

Based on these considerations, TiCly and NH;3 were the first reactants investi-
gated. However, HCl is not the only possible by-pi‘oduct of TiN synthesis. Using
TiCl, and NH; vapor as starting materials, several reactions can occur that yield
TiN and either solid NH,Cl or gaseous HCl as the halogen byproducts. Figure 3.2
shows the Gibb’s free energies of formation as a function of temperature for three
representative reactions using data from the literature (JANAF). Reaction (1),
forming solid NH4Cl and TiN, becomes less favorable as temperature increases.

Reaction (2), forming TiN and gaseous HCl, becomes more favorable with in-
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Figure 3.1: TiN and TiC formation reaction thermodynamics. (From JANAF.)



CHAPTER 3. EXPERIMENTAL STUDIES AND RESULTS 82

T 1 Ll 1 4
I O TiCla+ 6 NH3== TiN + 4NH,CI + /2 H, + /2N,
2. A TiCI4+2NH3= TiN+ 4QHCl+ Hy + V2 N>
3. 0 TiCly + 6NHy &= TiN + AHCI + TH+ /2N,

a0

5

)
o

A G (kcal/mole)

n
(@]
¥
i

4. O TiCly+ 4 NH3 == TiN + 3 NH,ClI
5. A TiCly+ NHy == TiN + 3 HCI
6. O TiCly+ 3NHy3 == TiN + 3HCI+ Ny +3H,

L ] 1
100 200 300 400 S00
T ()

-60 1 1
XBL 856-6360
Figure 3.2: TiN forrhation reaction thermodynamics from TiCl;y and TiCls. At

higher temperatures, expulsion of HCI into the gas phase is favored over halogen
incorporation into the growing film. (From JANAF.)
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creasing temperature. Reaction (3), having more NH; and thus yielding more
-hydrogen and nitrogen molecules, is even more favorable than reaction (2) at the
higher temperatures.

The intersection of curve (1) with curves (2) or (3) indicates the critical tem-
perature separating HC] formation from NH4Cl production. In principle, a very .
large excess of NH; could reduc¢ the critical temperature to 180°C, but this is
not a practicable option. If TiCls, which might be present in the plasma, is used
instead of TiCly, the free energy curves are all shifted down, as shown in curves
(4)-(6). However, the resulting critical temperature at which the reaction prod-
ucts change from NH4Cl to HCl is similar to that with TiCly because all of the
free energy curves shift. These calculations indicate that in order to form TiN
films without the presence of chlorine, using a pure CVD process, the deposition
temperature must be above about 350°C.

An organometallic reactant, titanium tetrakis dimethyl amide, Ti(N(CH3)2)4,
was investigated because of reports by Sugiyama et.al. that TiN could be syn-
thesized by CVD at temperatures as low as 200°C (Sug:75). As the research pro-
gressed, improvement of film mechanical properties became the highest priority,
superceding reaction temperature suppression. TiCly with N, and H, were utilized
with the intent of improving film adhesion. Efforts were also directed towards the
synthesis of titanium carbonitrides using TiCly, CH4, N3, and H;. This work was‘
motivated by the higher hardness of TiC versus TiN (2900 vs. 2000kg/mm?). In
addition, film hardness might also increase microstructurally, either through grain
refinement if a two phase mixture was formed or if a single phase formed through
induced modulation of C and N. Periodic ¢composition modulations (of the order
of 10-2004) in films have been found to increase modulus in several bimetallic

systems by Hilliard and his coworkers (see for example Hen:83) and to increase

hardness in (TiV)N by Sundgren and Greene (Hel:87).
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3.1 TiCl,, NH; studies:

3.1.1 Deposition Conditions:

In this study, the substrate temperature, total pressure Pror, ammonia flow
rate, r.f.power and deposition time were varied. The TiCl; flow was held constant
at 0.21mmol min~! during the experiment. The value of Pror ranged from 0.2
to 1 Torr by varying the ammonia flow 0.27 to 2.4mmol min~!. In some studies,
partial pressures of argon were present. The radio frequency was kept constant
at 12.00MHz and the electrode spacing was one in. Substrate temperature varied
from 175°C to 400°C and r.f. power was varied in the range 0-25W. The deposition
time ranged from 5 to 90min. In all cases, the samples were initially placed on
the heater, which was set for a sample temperature of 400°C. The samples were
cleaned in a 0.3 Torr NH; plasma for 10 min. The system was then evacuated and
the substrate temperature was readjusted to the desired deposition temperature.
NH; was added to the desired level and the plasma was ignited. TiCly was then

allowed to flow into the plasma.

3.1.2 Film Structure and Composition:

The TiN coating properties over M2 steel were extensively investigated under
fixed deposition conditions (which will be shown in Section 3.1.4 to be optimum
in expediting coating production and characterization) of a film thickness of 2.00-
2.30um, a deposition temperature of 400°C, 200 W r.f.power, P, values in the
range 0.2-1Torr, a TiCly flow rate of 0.21 mmol min ~! and NH; flow rates of
0.27-2.4mmol min~!. Study by SEM showed that the TiN grew with columnar
grains, as shown in Fig.3.3.

The columns appeared to be dense at the exposed grains and they extended
from the substrate to the TiN surface. The external surface of the film followed the

topography of the substrate. Using Thornton’s classification system, the structure
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Figure 3.3: SEM micrograph of a TiN film cross section, created by the impact
of a Rockwell C diamond indentor, showing the zone 2 type of columnar grain
structure seen in the PACVD coatings of this study deposited 400°C.
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appears to be a zone 2 type (Tho:77). The average grain diameter was approxi-
mately 25004, about two orders of magnitude less than the M2 steel grain size.
Study by X-ray diffraction showed that the films had a strongly preferred orienta-
tion. (See Figure 3.4) The only peaks present in these films were the TiN(200) and
TiN(400) reflections that correspond to the lowest energy plane of the TiN crystal
lattice, which is of the NaCl type f.c.c. structure. This preferred orientation on the
TiN deposits was also observed on glass and 304SS substrates. The formation of
thin films of b.c.c., f.c.c. or h.c.p. structure having their most densely populated
" plane parallel to the substrate has been reported in the literature (Tho:77).

In these studies, AES and sputter profiling were used to estimate the bulk
composition of the films. Figures 3.5 and 3.6 show the Auger spectra of a film be-
fore and after sputtering respectively. The (Ti+N)sgzev:Tigisev values of sputtered
films ranged from 2.1 to 2.3, which is within reported TiN ratios (Sch:81, Daw:85).
'AES analysis of commercially prepared CVD TiN films showed an identical range
of (Ti+N)sgzev: Tigrsev values. The film sqrfaces had large amounts of carbon and
some oxygen that were removed by sputtering. After a short initial sputter treat-
ment to remove the first few layers, the composition of the films did not vary until
the M2 substrate was reached. The bulk oxygen, carbon and chlorine contents
were less than 3 at.%, 8 at.% and 2 at.% respectively, as determined by evaluating
the O(510eV):Ti(418eV), C(270eV):Ti(418eV) and Cl(180eV):Ti(418eV) Auger
peak ratios and using the procedure described in the literature (Dav:76) and in
section 2.4.1. The small amount of residual carbon inside the films appeared to

be carbidic, as deduced from the shape of the AES peak (Haa:72, Hoo:77).

3.1.3 Mechanical properties:

Rockwell hardness tests indicated that the heating of the substrate during
the depositions at 400°C or lower did not degrade the M2 microstructure. The
hardness values did not change, within one point on the Rockwell C scale. Vicker’s

hardness testing of the coated and uncoated regions indicated higher values for
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Figure 3.4: X-ray diffraction intensity vs 268 for a TiN film deposited at 400°C.
* Strong (200) preferred orientation is evident.
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Figure 3.3: Representative AES spectra of a TiN film deposited at 400°C in the
as-received condition.
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Figure 3.6: AES spectra of the film on the previous figure, after sputtering for
15 minutes. The film composition remained constant thereafter until sputtering

penetrated to the substrate.
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the former at the near surface as shown in Fig. 3.7. However, the bulk hardness
value of TiN (2000 kgf mm~2) was not obtained even at the lower loads(15gf)
for a coating 2 um thick. Sproul (Spr:83) obtained films with values of Vickers’
hardness Hyof 2359-2391kgf mm~? for coatings 9.5 um thick (grown by r.f.reactive
sputtering) at a 200gf load. Because of the differences in loads and thicknesses,
the results cannot be directly compared. It is clear, however, that the PACVD
hardness values are smaller than those of Sproul.

The SAT results of Sproul (Spr:83) using 2um coatings and the present results
can be directly compared. The PACVD films have inferior adhesive strength, fail-
ing at critical loads of 500-600gf while the r.f.-sputtered films fail at 2kgf. The
low critical loads correspond to values reported by Helmersson et al (Hel:85) ob-
tained on sputtered TiN films (5um films) that were simply degreased with solvents
(trichloroethylene, acetone and ethanol) prior to deposition. The PACVD films in
the present study were degreased in acetone and cleaned in an NH3 plasma. It is
also important to note that Sproul’s films had a very different morphology from
the PACVD films, consisting of equiaxed grains 300-400A in diameter. The mor-
phology of Helmersson et al.’s films was not reported explicitly in that reference.
However, in later references, they have reported zone T and zone 2 morphologies
with grain sizes on the order of 600-6000A (Sun:86).

SEM investigation of scratch adhesion wear tracks indicated that the coating
appears to be removed from a region wider than the indentation, with failure at
the coating-substrate interface, i.e. adhesive. Study by EDS confirms that the
failure is by delamination near the interface, since titanium cannot be detected at
the exposed surfaces. Using the Burnett/Rickerby classification, the films failed
by a severe spallation (Type A, see Figure 3.8) or an extensive, extended chipping
mode (Type C). The failure region around a Rockwell hardness indentation is
similar, except that the TiN remains in the indentation with the coating absent

from the undeformed perimeter as shown in Figure 3.9.
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Figure 3.7: Vickers hardness as a function of test load for TiN coated (closed circle)

and uncoated (open circle) regions on an M2 steel substrate (coating thickness,
2.25um.
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Figure 3.8: SEM micrograph of a SAT wear track of a TiCly-NHs-based film. The
mode failure is Rickerby/Burnett type A. Lc=600g. (Film thickness: 2um.)
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Figure 3.9: SEM micrograph of a Rockwell C indentation on an TiCly-NHs-based
film. Extensive film delamination is evident.
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3.1.4 Effect of changing film deposition parameters:

This section describes the results of the influence of the various experimen-
tal parameters that can be varied in the deposition system on the physical and
mechanical properties of the TiN films. The parameters include substrate temper-
ature, reactant pressure, reactant composition, r.f. plasma power, and substrate

bias.

Deposition temperature:

The sample temperature during deposition was varied in the range 170-400°C.
As the temperature decreased, the color of the coatings would shift from gold-
bronze through purple-blue to blue-black, independent of the film thickness. Black
films appeared below 300°C. The film became amorphous and no traces of crys-
tallinity were detected by XRD. The (200) and (400) lines in the XRD patterns
were observed only at 300°C and above. Few studies were possible on the lower
temperature(below 300°C) coatings because they tended to disintegrate sponta-
neously (flake off) after production. The low temperature coatings that were
observed by SEM had a columnar appearance, as did all films deposited at 300°C
and above. These low temperature grains appeared to be of a zone 1 type (hemi-
spherical capped tops with a fibrous and porous interior, see Figure 3.10) of the
Thornton classification system, instead of a zone 2 type. Figure 3.11 shows that
chlorine content in the coatings decreased, as the temperature increased, to lev-
els below 2 at.%. The temperature at which crystallinity appears and at which
the chlorine content decreases significantly is close to the temperature at which
the thermodynamically favored halogen byproduct changes from solid NH4Cl to
gaseous HCl. The ratio of mass spectrometry peak heights of HCl to NH3 sampled

during deposition increased with temperature as shown in Fig. 3.11.
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Figure 3.10: SEM micrograph of a TiN film cross section exposed by Rockwell
impact, revealing a zone one morphology seen at deposition temperatures below
300°C. Film deposition temperature=230°C.
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Figure 3.11: Chlorine content in the TiN film vs. deposition temperature at
various NHj3 partial pressures, as determined by AES(left-hand ordinate). The
temperature regime where TiN crystallites were detected by XRD is indicated. The
ratio of the HCI to NH3 mass spectrometry peak heights, determined by sampling
gas from the plasma during deposition is also shown(right-hand ordinate). As the
temperature increases, the deposition reaction favors the elimination of chlorine
from the film into gas phase HCIL.
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Ammonia partial pressure and thickness variation:

The ammonia partial pressure was varied from 13.3 to 120Pa.(0.1 t0 0.9 torr)
Figure 3.12 shows that Pypy, did not significantly affect the film chlorine content
or crystallinity as a function of temperature. The grain size of the films did not
change as Pypy, was varied at 400°C. The film growth rate was found to vary at
a rate of approximately 2.6x10™?nm s~?PA~! as shown in Fig 3.12. Using various
values of Pypy,, coatings of thickness up to 8 um were prepared. However, coatings
that were greater than 5um thick tended spontaneously to buckle away from the
substrates in localized regions, suggesting that the coatings were under residual
compression. TiN films deposited onto glass under identical conditions caused
the substrate to bow upward, indicating residual tension. This change in residual
stress state suggests that thermal expansion mismatch is an important factor for
films deposited by the process. Sproul did not report any significant residual stress

problems in his sputtered TiN films.

Effect of Argon Partial Pressure:

The effect of argon in the plasma was investigated, motivated by the results of
Manory et al. (Man:85), who showed that silicon deposition from tetrachlorosilane
and hydrogen was enhanced by argon in the plasma which promoted ion-molecule
collisions with concurrent generation of H radicals. In the present PACVD study
the deposition temperature was 400°C and total pressure was 0.4 Torr. Figure 3.13
shows that reaction rate generally increased as Ar increased. With 100% Ar (no
NHj), a substoichiometric oxide was formed. The lower growth rate coatings also
show higher oxygen contents. Film thicknesses were in the range of 0.5-3.0um and
SAT L¢’s ranged between 300 and 600g.These results clearly demonstrate that the
population of ezcited-state species of reaction feedstocks is a more important rate-

limiting factor than the actual feedstock population from which excited species
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Figure 3.12: Relationship between the film growth rate and the ammonia partial
pressure for a fixed TiCly film rate of 0.21 mmol/min. (Deposition temperature:

400°C, r.f.power: 20W.)
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Figure 3.13: Growth rate vs. the partial of argon over total pressure for TiN
films formed from TiCly, NH; and argon. The total pressure was 0.4 torr and the
deposition temperature was 400°C.
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originate.

R.f.power:

Figure 3.14 shows the film growth rate as a function of r.f. power at 400°C
and three different values of Pygy3. Even with zero power(i.e. no plasma) a TiN
formation reaction readily occurred. Increasing the plasma power increased the
growth rate between five and ten times in the range studied, which was between
zero and 25 W. These studies were performed with the ENI r.f. supply. Figure
3.15 shows results at higher powers using the IPC supply at 0.9T NH;. The growth

rates of samples are seen to optimize at 50W.

Effect of d.c. biasing

Figure 3.16 shows the film growth rate diminishes as a function of biasing at
400°C, 20W power. Composition, as determined by AES, did not vary significantly
with biasing. The -100 and -200V film were too thin to evaluate by SAT. The
grounded, -25V, and -50V films had thicknesses of 4.3, 3.3, and 1.6um respectively
and had L¢’s of 300g, 400g, and 300gm respectively. They failed in a Type A mode.
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Figure 3.14: Film growth rate vs. r.f. power for three different ammonia partial
pressures at 400°C, using the ENI supply.
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Figure 3.15: Film growth rate vs. r.f. power at 0.9 Torr (120 Pa) using the more
powerful IPC supply.
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Figure 3.16: Film growth rate as a function of substrate d.c. bias for films formed

from TiCly and NH3 at 400°C.
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3.1.5 Interface Composition:

The interface composition of the TiCly-NHj-based films was investigated with
the scratch removal technique and with conventional depth profiling. For the
scratch removal study, 0.6-2 micron thick coatings were used. All films examined
were deposited at 400° C and the bulk chlorine content was less than 2 at.%. In the
sputter Auger depth profiling experiments, Ar ions of 2 keV were used at a pressure
of 1.05 X 10~?Pa; under these conditions the sputter rate was approximately 8
A /min.

Figure 3.17 shows a typical AES spectrum of a film after sputter cleaning of the
surface, revealing a stoichiometric TiN film with low Cl, C, and O content. AES
analysis of the scratched regions revealed a very high chlorine content as shown
in Figure 3.18. Extensive investigation of scratches on the films showed that the
chlorine content was higher near the edges of the track. This fact is illustrated in
Figure 3.19, which shows the AES peak intensities of Cligiev, (Ti+N)agzev, Tigigev,
and Feso3.v, as a function of distance across a scratched region. Iron is concen-
trated at the center with chlorine bimodally distributed on each side. Carbon and
oxygen intensities decreased slightly in the track and have been omitted for clarity.
This figure is representative of many profiles though several asymmetric Cl dis-
tributions were found. The ratio Cl;g;/Ti4s generally was in the range of 0.5-1.0
at the distribution maximum. AES argon depth profiling of these high chlorine
regions indicated that the chlorine is highly concentrated at the newly exposed
surface, the majority within the first one to three monolayers (see Fig.3.20). The
sputtering rate was 3 A /min.

Figure 3.21 shows a typical depth profile through a 0.6 micron film. Only the
Auger peak intensities (uncorrected for sensitivity differences) are shown. Chlo-
rine and Ti concentrations decrease together. In contrast with the results of the
scratch removal described above, no sharp increases of chlorine in the transistion

region were observed. Oxygen content (not shown) follows behavior similar to
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Figure 3.17: AES of a TiN film after sputtering prior to in-situ scratching.
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Figure 3.18: AES of the scratched region of the film after in-situ scratching.
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Figure 3.19: Auger peak intensity of Cligiev, (Ti+N)aszev, Tlaisev, and Fergz.v
as a function for distance along a traverse across a scratch produced in UHV. Fe
content peaks at the center of the scratch (A). The chlorine content is bimodally
distributed (B), with a maximum on each side of the Fe peak. The Cl content at
the exposed surface representing the prior interface is higher than the bulk. Region
C represents the undisturbed TiN film. See Fig. 3.22 for a physical interpretation

of regions A and B.
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Figure 3.20: Chlorine content as a function of sputtering time for a chlorine-rich
region in a scratch (corresponding to a B area in Figs. 3.19 and 3.22). The
sputtering rate was 3 A/min. The sharp drop in the first 3 min. indicates that Cl
is highly concentrated at the exposed surface representing the prior interface.
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Figure 3.21: Auger peak intensity as a function of sputtering time for a
PACVD-produced TiN coating on M2 tool steel. The sputtering rate was esti-
mated to be 8 A /min. No high chlorine content is seen at the interface. The ion
bombardment process would disrupt any sharp interface concentration gradient
like that shown in Fig. 3.20.
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chlorine content, though there is a small amount of oxygen present in the M2
steel. The steel also contains nitrogen which presumably arises from the NHj;
plasma pretreatment prior to TiN deposition.

SEM of the scratched regions after UHV studies revealed that the track con-
tained two regions, as shown in Figure 3.22. The center, labeled A, appears to be
a region of worn or stylus-contacted substrate. On each side there are regions of
exposed substrate and TiN film debris (confirmed by EDS), labeled B. The outer
exposed regions were created by the stress field of the impacting stylus. Region C
are adjacent TiN films that remain intact. The high chlorine content seen in Fig-
ure 3.19 appears to correspond to the B regions. The chlorine is associated either
with the exposed substrate side of the interface or with the newly created surfaces
of TiN particles that were originally part of the interface and were subsequently
overturned or grain boundaries exposed by the scratch process.

One sample revealed copper in conjunction with chlorine. Review of the de-
position history indicated that this particular sample was produced in the first
deposition sequence after chamber repair and cleaning. The chamber had exposed
copper components (wires) for electrical connections. It is believed that residual
HCI reacted with the Co and vapor transported it to the steel prior to deposition.
After one deposition, all components were covered with TiN (or a TiN-NH4Cl
compound) which passivated the surfaces. The copper wires components were not
used after this point in time and were replaced with stainless steel.

Unfortunately, the spatial resolution (beam size of the order of 50 pm) of the
SAM system prevented the direct examination of the exposed substrate. High-
resolution scanning Auger microscopy studies are need to determine the exact

distribution of chlorine exposed by the scratch removal process.
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Figure 3.22: (Upper)SEM micrograph of a scratch created in UHV. The track has
three distinct regions, shown cross sectionally in the sketch (lower). The center
(region A) is a slightly worn or stylus-contacted area. Region B consists of film
debris (some overturned) and exposed steel substrate, created by the stress field
of the impacting stylus. Region C is the unaffected coating. The three regions
correspond to the composition regimes indicated in Fig. 3.19.
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3.2 Organometallic CVD

3.2.1 Deposition Conditions:

Experiments were performed to determine the suitability of titanium tetrakis
(dimethylamide) [hereafter Ti amide] as a precursor for TiN formation by PACVD.
The compound was synthesized from TiCly (And:85). Early studies utilized the
plasma apparatus (with no plasma) as a deposition chamber. Later studies utilized
a glass chemical vapor transport (CVT) apparatus patterned after the design
used by Sugiyama et. al. who reported success in making golden TiN films at
temperatures as low as 200°C (Sug:75). A stainless steel version, evacuated by
a turbomolecular pump, was later used. A variety of conditions were explored:
deposition temperature, 200 to 800°C; Ti amide bath temperature, 40°C to 80°C;

carrier gases, Ar, He, and N,; chamber pressure, 0.1 to 760 torr.

3.2.2 Results:

The material produced from titanium dimethylamide decomposition was one
of two forms: dense oxides or carbonitride powders. The oxides were produced in
studies with the plasma deposition chamber under pressure conditions at which
TiCly and NH3 produced TiN. The typical microstructure is shown in Figure 3.23
and the representative AES spectrum is shown in Figure 3.24. Oxides were also
formed in the CVT chambers if either air leaks or residual water were present.

If the CVT chambers were properly baked, an agglomerated powder (or porous
nodular coating) was formed indicating that gas phase nucleation had occurred, as
shown in Figure 3.25. The AES spectrum both carbidic and graphitic carbon, with
titanium, nitrogen, and oxygen as shown in Figure 3.21. Because of the porous
microstructure, it was impossible to determine if the graphitic carbon and the
oxygen were inherent to the film or absorbed surface species. These results high-

light the general difficulty with titanium organometallics: 1) They are extremely
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Figure 3.23: SEM micrograph of a film formed by Ti-amide decomposition in the
plasma deposition chamber.
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Figure 3.24: AES spectra of the film shown in the previous figure before (top)
and after (bottom) a five minute sputter. Significant oxygen and graphitic carbon
contents are observed.
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Figure 3.25: SEM micrograph of a film formed by Ti-amide decomposition in
the turbomolecular-backed CVT chamber. The microstructure is indicative of gas
phase nucleation.
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Figure 3.26: AES spectra of the nodular film before (top) and after (bottom) a
fifteen minute sputter. Significant amounts of graphitic carbon and oxygen are
present. However it is impossible to separate the signal from the sputtered surface

from that of the shadowed pores of the powder.
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sensitive to water and oxygen; 2) The compound vapor pressures are low which
necessitates heating of the feed line; 3) The compounds are very reactive and can

easily decompose during transport.

3.3 Plasma Deposition using TiCl,;, Ny, and Ho.

3.3.1 Deposition Conditions:

The PACVD TiN films produced on M2 steel were prepared with the IPC
apparatus. In this study, the substrate temperature, Hy /N, gas ratio, argon use
r.f. power, and substrate bias and substrate pretreatment were varied. The TiCly
flow rate was held constant at 0.21 mmol min~! during the experiment. Total
pressure was one Torr. Substrate temperature ranged from 340°C to 500°C, H, /N,
ratio varied from 0.7 to 4.5, power ranged from zero to 200 W, and applied bias
from -250 V to 0 V (both grounded and floating conditions were tried). Two
classes of films were prepared: 1) thick coatings (2-10pm), used to correlate bulk
physical and mechanical properties, 2) thin films (deposition times: 5, 15, 30,
60, 120, 300, and 600 seconds), used to elucidate interface composition and film
nucleation. In almost all cases, the M2 substrates, previously cleaned in acetone
and ethanol ultrasonic baths, were placed on the lower electrode and heated to
the desired temperature. N, gas was allowed to flow for five minutes, followed
by H, (bringing Pror to 1 torr) for five more minutes. An r.f. plasma was
then ignited and TiCly was added after five minutes. In some cases, the plasma
pretreatment was extended to 15 minutes. Alternatively, the entire pretreatment
was shortened to less than two minutes. It was not possible to start the gas flow
(in a stable condition) and ignite the plasma instantly to avoid this pretreatment.

Some studies of oxygen pretreatment were also performed.
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3.3.2 Film structure and composition

The properties of TiN coatings deposited on M2 steel were extensively inves-
tigated at substrate temperatures of 500°C and 400°C without an applied bias.
SEM indicated that the films grown at 500°C grew in a columnar Zone 2 structure
as shown in Figure 3.27 while the films deposited at 400°C grew in a fibrous Zone T
structure (large ‘grains’ with partially curved tops having a poorly defined, fibrous
internal morphology), shown in Figure 3.28. In contrast to the poorly adherent
NHjs-based TiN coatings reported previously (Hil:86), film delamination did not
readily occur around the Rockwell indentation in the Zone 2 films (Figure 3.29),
though some film delamination occurred with the Zone T films. Closer investiga-
tion of the Zone 2 films shows that fracture occured within the coating and not
at the interface. (Figures 3.30-3.31). The average grain diameter of the Zone 2
structure was 2500A. The diameter of the zone T structures was 2 to 7um while
the internal fiber diameters were 600 to 3000 A. In addition, XRD showed that the
films had strong (200) preferred orientation, as shown in Figure 3.32. For Zone 2
films only the (200) and (400) peaks were observed, these peaks were sharp and in
contrast to the broader (200) peaks observed in the zone T films. The zone T films
sometimes had a small, broad (111) peak present, as shown in Figure 3.33. In some
instances, the Zone 2 structures had nodules (Figure 3.34), which appeared related
to the Zone T structures. These structures have been reported in the literature
and are attributed to an energetic nucleation site (Tho:77). The source of these
nodules was not isolated due to infrequent occurence. These nodules appear to
be detrimental because they detach when a crack runs along them (Figure 3.35).
Their elevation makes them bright in an SEM. Around a Rockwell indentation,
these nodular highlight cracks running along the directions of maximum substrate
shear, as shown in Figure 3.35 (Nim:862).

AES revealed that the (Ti+N)sgzev:Tis1sev ratio of the films following sputter-

ing ranged between 2.1 and 2.3 under all unbiased deposition conditions at 400°C
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Figure 3.27: SEM micrograph showing the zone 2 morphology found in TiN films
formed from TiCly, H; and Ny at 500°C.
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Figure 3.28: SEM micrograph showing the zone T morphology found in Til
formed from TiCly, H, and N, at 400°C.
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Figure 3.29: SEM micrograph of a Rockwell C hardness indentation on a
TiCly-H,-N; based film. Unlike the ammonia based film with zone 2 morphol-
ogy, extensive delamination is not seen.
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Figure 3.30:
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Figure 3.31: Closeup of the previous two micrographs, showing that fracture in-
duced by Rockwell-impact is in the coating and not at the interface, unlike am-
monia-based films or zone T H;-N; based films formed at 400°C.
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Figure 3.32: XRD intensity vs. 26 for a TiN film deposited at 500°C from H;, N,
and TiCly. The film had a zone 2 morphology. A strong (200) preferred orientation

is seen. The M2 steel stems from SAT wear tracks surfaces.
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Figure 3.33: XRD intensity vs. 26 for a TiN film deposited at 400°C from H,, N,
and TiCly. The film has a zone T morphology. A strong (200) preferred orientation
is present, though there is a small (111) component. The M2 steel stems from SAT
wear track surfaces.
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Figure 3.34: SEM micrograph of a nodular growth defect which occurred in some
zone 2 films.
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Figure 3.35: SEM micrograph of a nodular growth defect detached along an in-film
grain boundary fracture, suggesting that these defects are a preferred weak point
that would be detrimental in a protective film. The elevation of the detached
defect makes it bright in the SEM.
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Figure 3.36: SEM micrograph the Rockwell C hardness indentation of a film con-
taining growth nodular defects. The elevated nodules highlight fracture that oc-
curs along the directions of maximum shear stress that develop around the inden-
tation during deformation.
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and 500°C, suggesting that these films are stoichiometric or nearly stoichiometric.
The Zone 2 films contained less than 2%C]l, while the Zone T films generally had
3 to 5%Cl. Carbon content in the films was less than 10 % and oxygen content

was less than 3 %.

3.3.3 Mechanical Properties

Figure 3.37 shows the SAT critical load (L¢) values as a function of thickness
for TiN films prepared at 400°C and 500°C with no applied substrate bias. Several
different deposition conditions are plotted together. Also plotted, for comparison,
is a linear summary of values obtained by Sproul (Spr:83) for sputtered TiN on
M2 steel and the Lg values found from the earlier study of PACVD-produced
TiN formed from NHj and TiCly (Section 3.1). The data indicates that PACVD-
produced TiN from TiCly, N, and H; can be made as adherent as sputtered TiN.
Critical load values were repeatable within 200 gm for a given sample. There
was a significant amount of scatter as a function of thickness, which could not
be correlated with deposition conditions or by changing the duration of H,/N,
plasma pretreatment. Failure in the Zone 2 films took the form of cracks emanating
adjacent to the stylus track or by occasional chipping within the coating (Figures
3.38,3.39). Since the cracking was inclined along the trailing edge of the diamond,
the failure mode appears to be a Burnett/Rickerby Type E (Tensile failure). The
Zone T films failed by similar cracking or by periodic chipping, both within the
coating‘ and at the interface (Figures 3.40, 3.41). However, in this case cracking
~ was inclined along the leading edge of the stylus, like that of a Burnett/Rickerby
type B (Buckling failure). The appearance of chipping (Figure 3.41) is a Type
C failure. These modes were unsuitable for interface composition analysis by
the scratch removal technique (The resolution of our SAM system prevented the
sfudy of the chip failure mode). These failure modes indicate better substrate-film
adhesion than the continuous delamination observed in NHs-based films.

Rockwell C hardness tests indicated that the heating of the substrate during
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Figure 3.37: Scratch Adhesion Test Critical Loads (L.) of TiN films on M2 steel
as a function of film thickness produced by PACVD from TiCly, N;, and Hj.
A linear representation of data for sputtered TiN (Spr:83) and the value for
NHi-based PACVD TiN are also plotted for comparison. The data shows that
PACVD-produced TiN can be as adherent as sputtered TiN.
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Figure 3.38: SEM micrograph of cracking mode of SAT failure often observed in
zone 2 films formed from Hj, N, and TiCly. The cracks oriented with the trailing
edge of the diamond stylus, suggesting a Rickerby/Burnett type E tensile failure.
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Figure 3.39: SEM micrograph of a chipping mode of SAT failure occasionally
observed in zone 2 films, formed from H,, N; and TiCly, in addition to the cracking
mode of the previous figures. The chipping occurs within the coating.
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Figure 3.40: SEM micrograph of a cracking mode of failure often observed in the
zone T films formed from H;, N, and TiCly. The crack orientation suggests a
Rickerby/Burnett Type B buckling failure.
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Figure 3.41: SEM micrograph of a chipping mode of failure sometimes observed
in zone T films formed from H,, N, and TiCly. Chipping occurs with the coating
and at the interface. The mode is a Rickerby/Burnett Type C buckling/spallation

failure.
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deposition did not degrade the M2 microstructure. The highest intended operating
temperature was 500°C. Since the minimum temperature for softening of M2 steel
is around 560°C to 590°C (Wil:75), the results indicate that the r.f. plasma did
not impart substantial thermal energy to the substrate. Vickers microhardness
(Hv) increased with film thickness. For a 10um film, the Hvygo was 1520 kg/mm?.
This is lower than the bulk value (2000 kg/mm?) and lower than that obtained
for this thickness (2300 kg/mm?) by Sproul (Spr:83). o

3.3.4 Effect of Deposition Parameters

Deposition Temperature:

As in the ammonia study, film deposition temperature influenced chlorine in-
corporation into the films, with chlorine content increasing as temperature de-
creased, as shown in Figure 3.42. At 400°C and above, a constant (Ti+N)agzev: Tigigev
ratio was observed. The morphology, as stated earlier, changed from zone 2 at
500°C to zone T at 400°C. Deposition temperatures below 340°C were not inves-

tigated.

Effect of H/N ratio:

Figure 3.43 shows that film growth rates decreased as H/N gas input ratio
increased. Concurrently, resultant film chlorine content is seen to rise slightly
with increasing H, /N, ratio, as shown in Figure 3.44, though there is some scatter
in the data. With no hydrogen, a thin titanium oxide was obtained. The O/Ti

ratio determined from AES suggested that the material was the monoxide phase.
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Figure 3.42: Film chlorine content determined by AES as a function of deposition
temperature.
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Effect of Argon partial pressure:

Figure 3.45 shows that the presence of argon steadily diminished film growth
rates. The argon acted as an inert dilutent, behavior which is in contrast to the
NH;-argon experiments, in which the latter gas enhanced growth rates. The argon

had no systematic effect on bulk film composition.

Effect of Power:

In contrast to the ammonia studies, a plasma was essential for TiN film syn-
thesis when hydrogen, nitrogen, and titanium tetrachloride were mixed at temper-
atures of 500°C (the highest temperature studied) and below. As shown in Figure
3.46, power could show an optimum an optimum behavior (growth rate would
increase with power up to some value and then decline). The floating or grounded
substrate did not differ, except at 200 watts, where the floating condition had
a growth rate twice that of the grounded. AES did not reveal differences with

changes in power.

Effect of dc biasing:

Growth rates decreased with increasing negative substrate biasing, as shown
in Figure 3.47. Placing a negative bias on the opposite electrode had no effect.
Studies of biasing above the magnitude of 250 volts were not successful because
of arcing to the walls. Studies of thick films were limited to magnitudes upto
-100 volts because the growth rates became exceptionally low. The morphology
of the films did not change with biasing, though there appears to be some grain
refinement (Figure 3.48) in the zone 2 films. The grain size in the zone T films
could not be adequately resolved. Composition relative to unbiased films was

not affected by biasing. Vickers hardness testing of a ten micron zone T film
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did not enhance film growth.
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Figure 3.46: Growth rate as a function of power for TiN films formed from H,,
N2, and TiCly, on grounded or floating substrates.
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Figure 3.47: Growth rate as a function of biasing for films formed from H,, N»,
and TiCly. The positive value of voltage represents a negative voltage on the r.f.

electrode.
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Figure 3.48: SEM micrographs of TiN film formed with grounded substrates or
negative d.c. bias. The micrographs were taken under identical microscope con-
ditions. LR
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grown during -100 volt biasing revealed a Hyyoo of 1623 kg/mm? and a Hys of
1322 kg/mm?. An eight micron zone 2 film had values of 1182 and 1164 kg/mm?
respectively. These values are well below the bulk hardness of TiN (2000 kg/mm?)
or reported values of sputtered TiN (2400 kg/mm?).

3.3.5 Thin Films—Interfacial Properties and Nucleation

The films prepared in this study had an average growth rate (based on mea-
surements of thick films prepared with the same deposition conditions) of 3-4 A
sec™l. All samples had surface contamination from transport in air in the form of
carbon and excess oxygen which could be removed by 60 to 90 sec of sputtering.
Figure 3.49 shows two representative spectra of samples with deposition times of
(a) 30 seconds and (b) 300 seconds. Both spectra indicate that the TiN-M2 in-
terface is fairly sharp (<60 Awide); Chlorine accumulation was not seen. There is
evidence of nitrogen penetration into the steel. A small nitrogen peak was also seen
in a separate investigation of M2 samples heated in the plasma chamber for five
minutes, (therefore tracing normal predeposition sequence.) The Nagzcv:Fergser
ratio was of the order of .05 to 0.1. However significantly larger amounts of chlo-
rine and oxygen were present. Making quantitative estimates is difficult, since the
latter impurity probably was a result of sample transport in air. The chlorine
surface concentration clearly diminishes in an active Hy /N, plasma, as the thin
film sputtering results do not show chlorine accumulation at the film-substrate
interface. The constant presence of iron in the initial stages of sputtering of the 30
second sample suggests that TiN islands or nuclei on M2 steel are present in the
early stages of growth. Investigation of the films with SEM, prior to sputtering,
supports this idea. Distinct island-like structures are observed at short deposition
times (Figure 3.50, 30 sec), while these nuclei have coalesced at longer deposition
times (Figure 3.51, 300 sec). These nuclei have a center to center distance on the

order of the grain size of the Zone 2 films.
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Figure 3.49: Typical AES sputter depth profiles for TiN films with deposition
times of: a) 30 seconds and b) 300 seconds. The sputter rate was 3 Amin—1.
The initial and constant presence of iron in the early stages of sputtering of the
30 second sample suggests that film deposition starts by the nucleation of TiN
islands on the steel surface.
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Figure 3.50: SEM Micrographs of the surface of TiN films on M2 steel formed
with deposition times of: a) 30 seconds and b) 300 seconds. The micrographs
were taken prior to the sputter depth profiling represented in the previous figure.
Distinct island-like features are observed at the early stages of growth which fuse
as déposition time progresses.

9Vl



CHAPTER 3. EXPERIMENTAL STUDIES AND RESULTS 147

3.3.6 Effect of Oxygen Pretreatment:

Studies were undertaken to actively influence the interface composition by
substrate pretreatment to elucidate if elemental doping (with O, C, or B) would
affect adhesion. Oxygen was the first dopant studied. Three conditions were
executed: A) One torr exposure to an oxygen plasma for ten minutes, followed
by a five minute evacuation, and then a five minute H;/N; plasma; B) a two
minute oxygen plasma followed by a five minute evacuation and a five minute
H,/N; plasma; C) a ten minute oxygen plasma, followed by a five minute nitrogen
plasma, and a five minute Hy /N, plasma. In the third case, the plasma was never
extinguished- the new gases were introduced concurrently with the decrease of the
previous gas. The films were then grown under otherwise standard conditions.

These films had extremely poor adhesion, tending to disintegrate easily after
synthesis. Examination by SEM revealed a morphology change relative to un-
pretreated films. The films with long oxygen exposure had nodular morphologies
typical of gas phase nucleation (similar to the organometallic results in section 3.2),
while the shorter oxygen exposure film had a hybrid zone 1-nodular morphology,
as shown in Figures 3.51-3.53.

The results suggest that oxygen was present in the gas phase after pretreat-
ment, which promoted gas phase nucleation. Oxygen may have been adsorbed by
the walls during pretreatment and then subsequently desorbed during the initial
stages of film formation. The films did not survive long enough to be examined by
AES. This result highlights the fact that composition control during film growth
can be complex. Experiments with methane will be discussed in section 3.4. Ex-
periments with boron were not attempted because it was learned that BCls (which
forms readily when B is in the presence of HCl) is an excellent plasma-assisted

etchant of TiN (Hom:87).
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Figure 3.51: SEM micrograph showing the nodular morphology, indicative of gas
phase nucleation, that developed when a film had the following substrate pretreat-
ment: 0, plasma exposure (1 torr) for 10 minutes; 5 minute evacuation; 5 minute
H,/N, plasma (1 torr).
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Figure 3.52: SEM micrograph showing a zone one morphology, that developed
when the film had the following pretreatment: 0, plasma exposure (1 torr) for two
minutes; 5 minute evacuation; 5 minute Hy /N, plasma (1 torr).
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Figure 3.53: SEM micrograph showing a nodular morphology, indicative of gas
phase nucleation, that developed when the film had the following pretreatment:
0, plasma exposure (1 torr) for ten minutes; followed by a five minute nitrogen
plasma (1 torr); followed by a five minute H;/N; plasma (1 torr). The plasma
was never extinguished during pretreatment or films growth—the new gases were
introduced concurrently with the decrease of the previous gas.
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3.4 TiCly,, CH4, Ny, and H, Studies:

3.4.1 Deposition Conditions:

In this study, the CH4/N; ratio (with Hz/N,=2), the H2 /N, ratio (with Pcy, =0.2
torr), initial gas introduction, and deposition time were varied. The TiCly flow
rate was held constant at 0.21mmol/min. Total pressure was one torr, r.f. power
was 50W, r.f. frequency was 13.56MHz, (IPC supply), and substrate tempera-
ture was 500°C. The samples previously cleaned in acetone and ethanol ultrasonic
baths were initially placed on the heater, which was set for 300°C. The heater
temperature was then adjusted to raise the sample temperature to 500°C. After
fifteen minutes, hydrogen and nitrogen gases (H2/N;=2) were added to bring total
pressure to one torr. These gases flowed for ten minutes, after which a plasma
was ignited for five minutes. Gas flow was then reduced to a level such that CH,4
subsequently added would resume total pressure to one torr. In some experiments
methane was added prior to TiCly introduction, otherwise, TiCly was added first.

In each case the second gas was added within one minute of the first.

3.4.2 Film Structure and Composition:

SEM indicated that the films grew in a zone T morphology, consisting of fibrous
grains within an apparently large aggregate. The fibrous interiors were difficult
to resolve with SEM but appeared to have a diameter on the order of 1000.4; the
diameter of the aggregate or cluster was on the order of 1um. Film delamination
was readily found around the Rockwell indentations, unlike films formed from H,
and N, at these temperatures. XRD revealed various types of preferred orientation,
ranging from a sharp (200) structure, to a mixed poorly crystalline (200) and (111)
structure, to a nearly amorphous structure, as shown in Figures 3.54-3.56. This
transition was concommitant with increasing Cl and C contents. No evidence of

distinct TiN and TiC phase separation was observed—however, the peak broadening
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Figure 3.54: X-ray diffraction intensity vs. 26 for a titanium carbonitride film
formed with CH4/N, gas flow ratio of 0.33.
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Figure 3.55: X-ray diffraction intensity vs. 26 for a titanium carbonitride film
formed with with CH4/N, gas flow ratio of 0.7.
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Figure 3.56: X-ray diffraction intensity vs. 26 for a titanium carbonitride film
formed with with CH4/N; gas flow ratio of 1.7.
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observed could mask TiN and TiC phases.

AES revealed that the films contained a significant amount of Cl. The amount
of Cl increased with the CHy/N, flow ratio,v as shown in Figure 3.57. However,
the amount of scatter in the data also increased, which suggests that the process
control of the plasma volume is becoming more difficult. Variation of the H; /N,
flow ratio has relatively negligible effect on film Cl content (Fig 3.58). Carbon
content in the film increases with CH,/N; flow ratio, and the (Ti+N)agzes: Tig18ev
ratio concurrently decreases. The exact nitrogen content is difficult to access, due
to the overlap of the Nags., peak and Tizs7., peak, and the unknown influence
of carbon and chlorine on the peak shape of the Tisgre, L3Mi3M3s transition.
Analysis of the films containing large amounts of carbon with varying amounts
of Cl indicates that the increased chlorine content more strongly correlated with
the decreasing (200)/(111) orientation ratio and decreasing overall film diffraction
peak intensity than did the carbon content. Film growth ratio increases somewhat
with CH4/N,; ratio (Figure 3.60), though a comparison with the Cl content of the

same films shows a far better correlation (Figure 3.61).

3.4.3 Mechanical Properties:

Initially, films were prepared in which CH, was introduced prior to TiCl,.
Some of these films delaminated spontaneously after synthesis. Considering that
CH, without TiCly in a plasma might yield carbon polymers, subsequent films
were synthesized using the procedure of TiCly introduction prior to methane. The
SAT critical load values, L¢, of some of these films as a function of thickness is
shown in Figure 3.62. Values of ion plated titanium carbide on tool steel reported
by Perry (Per:83)is shown for comparison. The Perry data shows two trends:
1)The linear increase in Lc with thickness is attributed to an increasing critical
load required at the surface to generate a critical fracture stress at the interface
as that region is moved further from the surface. 2)Increasing the difference in

mechanical properties between the coating and the substrate, in this case the
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Figure 3.57: Chlorine content determined by AES in the titanium carbonitride
films as a function of CH,/N, gas ratio during deposition (H;/N,=2).
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Figure 3.58: Chlorine content determined by AES in the titanium carbonitride
films as a function of H,/N, ratio.
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Figure 3.59: Carbon content as determined by AES in the titanium carbonitride
films as a function of CH,/N; gas ratio during deposition. (H;/N,=2.)
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Figure 3.60: Carbonitride film growth rate as a function of CH,/N,; (H2/N;=2).
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Figure 3.61: Carbonitride film growth rate as a function of chlorine content for
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Figure 3.62: SAT critical load (L¢) for the carbonitride films as a function of
film thickness. The trend (negative slope) suggests poor adhesion, with films
delamination due to residual stress which increases with thickness. Also plotted
for comparison is data from Perry (Per:83) for TiC on high speed steel with three
different substrate hardnesses.
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difference in material hardness by decreasing the substrate hardness, lowers the
critical load necessary for failure because the differential in mechanical response
of the two solids at the interface is increased. The PACVD data shows a general
decrease in Lo with increasing thickness for a given deposition condition. This
result is interpreted to indicate that a buildup of residual stress which occurs with
increasing film thickness is decreasing critical load and that interfacial adhesion
strength fairly is low. It is important to remember that the PACVD films are not
TiC, but rather a carbonitride with significant amounts of Cl. |

The film hardness is also low. Vickers hardness of a 4.4 pm film was 1037
kg/mm? for 100g load and 940 kg/mm? for 200gm load (substrate hardness was
940 and 900gm respectively). Though the elastic plastic zone of the indenter
clearly sampled the substrate in both measurements, the 100gm value still seems
very low. The high chlorine content of the film is a probable cause. The low film
hardness may contribute to the relatively high L¢’s observed at low film thickness,

by lowering the differential between substrate and film hardness.
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Chapter 4

Discussion

The experimental evidence indicates that the structural and thus the mechan-
ical properties of TiN films, synthesized by PACVD using TiCly as a starting
reagent, are controlled by the removal of chlorine at the growing TiN-gas inter-
face. At low temperature, where thermodynamic equilibrium favors the formation
of solid NH,Cl, the film quality is poor. As soon as HC] formation becomes ther-
modynamically favorable (above 350°C), higher quality (in terms of composition
and crystallinity) TiN films are produced. The fact that the composition of the
film is controlled by 'the substrate temperature indicates that surface reactions,
as opposed to gas phase reactions, are determining this coating property. This
effect has been modeled by the reactions shown in Figure 3.2. The important
point is that the change in slope in all cases from poéitive to negative occurs at
temperatures in the range 300-350°C and is determined by the change in the sign
in AG®° for NH4Cl decomposition either to NH3 and HCI or to Nz, H,, and HCL
Whether the starting material is TiCly, TiCl; or a lower chlorine is not important
in this model. Since chlorine is detrimental to mechanical properties, this change
in by-product places a lower limit on the deposition temperature of the PACVD
process for TiN formation from TiCl,.

The scratch removal studies in UHV indicate that chlorine concentration at the
film-substrate interface can be higher than that within TiN film at temperatures

above 350°C. As pointed out by Carlsson (Car:85), the substrate can participate in
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Table 4.1: Morphologies observed in the PACVD-produced TiN films as a function
of deposition temperature and nitrogen reagent. (NI- not investigated.)

Temperature(°C) | T/Tm | Morphology
NH3 H2‘N2
200 0.146 1 NI
300 0.179 | 1-T NI
400 0.209 2 T
500 0.239 | NI 2

the overall film formation reaction during the initial stages of growth. Therefore,
the reaction thermodynamics are more complicated and it is not surprising that
chlorine composition could change. The higher interfacial chlorine content in the
NH;-TiCly studies could stem from: 1)retention of Cl from TiCly by the steel
(primarily Fe) surface, during the initial film formation reaction, 2)residual HCl
present in the chamber as a background gas that absorbs onto the substrate prior
to deposition and which is trapped by the nucleating TiN, or 3)both 1 and 2. A
H,-N; plasma seems to be more efficient at removing this chlorine than an NHj-
based plasma. Both add nitrogen to the steel. The NH; may be more prone to
forming NH,Cl on the substrate surface.

The morphology of the TiN films formed by PACVD from TiCl, are well cat-
egorized by the Thornton model. The change in morphology from an amorphous
zone 1 structure, to a partly crystalline zone T, and finally to a highly crystalline
zone 2 structure with increasing temperature occurs because surface mobility in-
creases. The homologous temperatures of the operating deposition temperatures

with respect to the melting temperature of TiN (3222°K) are listed below:

The zone 2 and T structures occur in the PACVD TiN films at temperatures
below the range suggested by Movchan (T< 0.3 Tm) for the zone 2 structure |
(Tho:77) in metal films. This result agrees with data reported by Sundgren, who
has found that the higher mobility morphologies are present at lower homologous

temperatures in binary films formed by PVD (Sun:86). As stated in section 1.4.7,
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he suggests that chemical potential effects and compound heats of formation can
increase surface adatom mobility, which can lead to a reduction in the surface
temperature needed to facilitate diffusion. It is important to remember that chlo-
rine incorporation increases with decreasing deposition temperature in the present
PACVD process, which may inhibit surface adatom mobility. Film growth rate
also increases with decreasing deposition temperature. Increasing growth rates
should in principle lower adatom mobility. However, the NHj-based films had
higher growth rates at lower temperatures than the Hy-N,-based films with iden-
tical morphology. Therefore film growth rate within the range observed does not
appear to be a dominant factor in determining morphology in the present context.

Carbonitride films were deposited only at one temperature. A zone T structure
was observed, while a zone 2 structure was observed at the same temperature in
the TiN films. Chlorine content was also higher in the former films along with
scatter in this data. The melting temperature of TiC is only slightly higher than
that of TiN (3330°K vs 3222°K), and the homologous temperature difference is
small (.232 vs. .239 at 500°C). In addition, the exact T,, of the Ti(CN) films
formed is unknown. Thus, differences in T,, do not account for the change in
morphology. The lower mobility morphology of the Ti(CN) films probably stems
from a lower chemical driving force for diffusion or the higher chlorine contents or
both. The more unfavorable thermodynamics of TiC vs. TiN formation (Figure
3.1) and the relative free energies of formation (Table 1.3) correlate with the lower
mobility in the carbon-containing films.

Tho carbonitroxide films formed from Ti amide decomposition clearly show
a morphology associated with gas phase nucleation. Curiously, the nitride films
formed after oxygen pretreatment show this type of morphology. This result in-
dicates that the oxygen is present in the gas phase during later stages of growth.
The dégree of the modular morphology seems to correlate with the time of oxy-
gen exposure. A possible explanation is that the pretreatment may saturate the
chamber wall, and the porous debris on them,-which provide a source of desorbing

oxygen during subsequent deposition.
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The zone 2 films have a high degree of crystallinity, with a strong, exclusive
(200) preferred orientation. (In fact, the data is a textbook-quality example of
it). The zone T films have broader (200) peaks, occasionally with a small (111)
peak and an amorphous component. The zone 1 films are amorphous. Thus,
crystallinity decreases with decreasing surface adatom mobility during deposition.
The increasing chlorine coutent with decreasing substrate temperature may also
contribute to the decrease in crystallinity by disrupting the NaCl structure. The
(200) preferred orientation observed in the zone 2 films has been observed by
other investigators of PACVD (Shi:84, Shi:85, May:85). Higher temperature CVD
films have a more random orientation (Per:86). Films formed by PVD (sputtering,
ARE) techniques at similar temperatures to the present study tend to have a (111)
preferred orientation (Per:86). Thus, the type and degree of preferred orientation
seems to depend on the specific nature of condensation and compound formation
that occurs with each technique.

Thornton has observed that the preferred orientation in vapor deposited films
generally occurs along the close packed plane of fcc, bee, and hep materials
(Tho:77). For fcc, this is the (111) plane, which is observed as mentioned before.
This orientation consists of alternating planes of Ti and N parallel to the growing
surface. The (200) orientation consists of an equ.al exposure of Ti and N within
a single plane. An atom located along a (111) surface has nine nearest-neighbor-
bonds, while an atom along a (200) surface has five nearest-neighbors with several
close second-and third-nearest neighbors. The situation is complicated by the fact
that adjacent atoms are different.

The nature of the adsorbate may influence the type of preferred orientation,
ie. whether the adsorbate is atomic or molecular. In the sputtering or evapo-
ration case, the adsorbates are probably primarily atomic. The PACVD process
uses molecular feedstocks, which are excited by the r.f. or d.c., field utilized. Al-
though molecular dissociation to atoms does occur, partially dissociated molecules
or molecular ions still exist and dominate. In particular, the TiCl, complex is prob-

ably not completely dissociated. Organometallic chemistry studies indicate that
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the last Cl ligand is difficult to remove (And:85). This author suspects that the
(100) surface stabilizes the titanium atom in a adsorbed TiCl complex, weakening
the Ti-Cl bond, which fascillitates Cl removal with the assistance of hydrogen.
| A model involving the breaking of Ti-Cl bonds at the surface requiring ni-
trogen to promote the weakening of the TiCl bond would favor the formation of
stoichiometric TiN. (Of course, if oxygen or carbon are present, oxides or carbides
can form). The Auger data indicates that the TiN films formed at 400°C and
above have a consistent NiTi ratio independent of plasma conditions as long as
oxygen and carbon are not present. Within the error of AES (~5%), these films
appear to be stoichiometric. The a-Ti and Ti;N phases have never been observed.
As stated in chapter 3, a thin titanium oxide would form if N, were not present
with TiCl, and H,. Background CO may have been the source of the oxygen. The
fact that the layer was relatively thin suggests that the oxygen was required to
break the TiCl bond, otherwise a thicker layer of Ti should have formed with a
thin oxidized surface. Hydrogen is also essential for the final removal of Cl, since
a highly chlorinated film is formed when TiCl; and N; are used.

The above argument explains why nitrogen-deficient TiN is not formed. A re-
view of the Ti-N phase diagram can provide a reason why overstoichiometric TiN
1s hot synthesized. Quite simply, above 51-52% N, solid TiN and N, gas are the
thermodynamically favored phases. Excess nitrogen present on the surface during
deposition is ejected or awaits the arrival of more Ti before being incorporated
into the lattice. Thus, at a sufficiently high temperature, the PACVD process
is self-regulating towards the formation of stoichiometric TiN: Substoichiometric
TiN does not form because hydrogen and nitrogen are needed to promote chlo-
rine removal. Overstoichiometric TiN is not formed because excess nitrogen is
ejected. This self-regulating feature of PACV.D makes the process appealing for
industrial applications, provided that TiN is the desired material. For research
on the properties of the entire Ti-N system, sputtering or activated evaporation
processes appear to be a better synthesis route, since the entire phase diagram

can be accessed in a controlled manner.
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The fact that high temperatures and hydrogen plasmas promote Cl removal
complicates surface science studies of the TiN surface as deposited or of the inter-
facial region as deposited in the initial stages of growth, since chlorine will deposit
as soon as the plasma is extinguished and/or as the sample is removed from the hot
deposition system. Thus, an in-situ transfer capability from the PACVD chamber
to a UHV analytical system is inappropriate in this case, since the surface is al-
tered immediately upon cessation of the plasma and heating. Transfer in air will
only add oxygen to the already altered surface. Such capability would be useful in
studies of sputtered or evaporated films, where operating pressures are lower (10~2
-10~"torr) and where temperature-dependent surface reactions are minimal when
the source or iomized gas is extinguished. The ability to study surface composition
during growth of PACVD films will require the development of non-linear optical
spectroscopies, such as sum-frequency harmonic generation (She:86).

The present study has shown that the interface composition of the PACVD
TiN-steel system can be investigated after deposition with present surface science
techniques. The study of weak interfaces has been particularly successful and is of
immediate importance towards the improvement of adhesion. A new procedure,
the UHV scratch removal technique (SRT) was developed in this stﬁdy. SRT can
be quite useful in identifying elements that promote failure. One advantage of the
methbd is that films with thicknesses of 2 to 10 um can be analysed quickly. While
these dimensions are necessary for useful mechanical properties, they make con-
ventional sputter depth profiling very time consuming. Of particular vimporta.nce is
the fact that specific batches of films can be examined that have anolomously poor
mechanical properties relative to other batches with ostensibly identical deposition
conditions. SRT can also resolve very sharp concentration gradients at interfaces
that would be destroyed by ion bombardment during sputtering. The quantitative
composition data generated by SRT is dependent upon the exact area examined.
This fact necessitates the use of microscopy to study the structure of the scratched

regions. Further development of SRT will require the use of a high-resolution SAM
that has better capability than the older system used in this study.
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The design of the apparatus utilized in the present investigation was deliber-
ately kept simple to determine if the exposed scratch area could provide useful
information. The evidence indicates that such studies are beneficial. In a future
SRT design, knowledge of the load applied and precise control of the stylus velocity
would be useful, so that in situ SAT could be performed and the surface compo-
sition of the fracture regions investigated. UHV-compatible friction and adhesion
testing devices incorporating strain gauges and motor drives have already been
successfully built and employed by Buckley and his co-workers (Miy:83).

While studying weak interfaces is of prime importance, the study of strong
interfaces in of interest because of the desire to know what impurities or dopants
improve adhesion. The study of a strong interface provides a challenge to the sur-
face scientist, because, by definition, such a boundary will not be exposed by frac-
ture. In this investigation, strong interfaces were analyzed by sputtering through
specially ‘prepared thin films of TiN. This traditional approach yields information
but suffers two conceptual drawbacks: 1) The sputtering process potentially can
broaden and distort. sharp interfacial composition gradients. 2) The interfaces of
the thicker films used for mechanical testing are not evaluated. Further improve-
ments of the study of strong interfaces of PACVD films during deposition will
require the in-situ optical techniques mentioned earlier. However, in the case of
sputtered or evaporated films, in-situ transfer to a UHV analytical system is a vi-
able approach worth exploring. Interface and subsequent film surface composition
could be studied during the progressive stages of deposition and the mechanical
properties of the film could be investigated after final formation.

| The scratch adhesion test results, both critical load data and failure modes ob-
served, indicate that the H,-N3-based PACVD TiN films had better adhesive prop-
erties than the NH3-based films or the carbonitride films. The critical load data of
the Hy-N; based TiN films compares well with the results of Sproul for sputtered
TiN on M2 steel. In contrast, the Lc magnitudes for the NH;-based TiN or the
carbonitrides are low, comparable to values observed by Helmersson et.al (Hel:85)

for sputtered TiN on high speed steel (ASP 23 not M2 steel, though comparable)
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in which the substrate had only been only solvent degreased. However, the pres-
ence of chlorine appears to be the detrimental feature in the inferior PACVD films.
The failure mode transition from massive spallation (Burnett-Rickerby type A),
for the NH3-based TiN and carbonitride films, to a buckling/chipping (Burnett-
Rickerby Type B,C) or tensile cracking (Rickerby Type E) for the zone T and
2 H,-Nj-based TiN films also indicates relative improvement in adhesion for the
latter films. The failure mechanisms present in Sproul or Helmersson’s studies
were not explicitly reported. The critical load data for the H;-Ny-based zone T
and 2 TiN films was identical within scatter. Yet, the tensile failure mode of the
zone 2 coatings indicates better adhesion than the zone T films, which had the
partial chipping or buckling failures. The fact that the zone 2 films had better
resistance to delamination during Rockwell (or Hertzian) impact than the zone T
films also suggests that the former would be better for tool applications. Since
the Rockwell impact load was fixed, the results of Jindal et als.’s (Jin:87) investi-
gation of film adhesion using static Rockwell stylus indentation suggest that the
zone 2 films have better interfacial fracture toughness than the zone T films. The
difference in SAT and Rc fracture mode with morphology may actually stem from
the difference in bulk chlorine contents and not the morphology itself.

The adhesion test data in conjunction with the interface studies indicate that
the presence of excessive chlorine in the steel-film interface is detrimental to ad-
hesion when bulk chlorine content is low. When bulk chlorine content is high (low
temperature TiN for the carbonitride films) the films are of very poor quality, tend-
ing to spontaneously disintegrate or easily delaminate. Thus, chlorine removal is
essential. The role of oxygen and nitrogen in affecting adhesion has been obscured
by chlorine. Another issue is contamination. Helmersson et.al’s study indicates
that contaminant (primarily hydrocarbon) removal is essential and partial iron
oxide reduction is desirable (Hel:85). Conventional CVD accomplishes these goals
by the high operating temperature of the deposition, which expels chlorine and
other impurities. In addition, the high temperature promotes diffusion across the

interface between coating and substrate during the entire deposition.
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In order to obtain adherent TiN films by PVD, investigators have reported that
substrate bombardment with argon at a kilowatt or more potential is required
prior to deposition (Spr:83, Hel:85, Sun:86). In the present work, the samples
were generally grounded and the sheath potential was of the order of tens of volts
which means that these bombardment cleaning effects, by H; and N, as opposed to
Ar, were minimized. Instead, it is proposed that the excited state hydrogen from
the plasma facilitates sample cleaning, as well as promoting removal of chlorine
from the Fe surface. In other words, a plasma assisting reaction or etching is
occuring which can suitably prepare substrates instead of a momentum process.
Thus, within the PACVD process, there is an inherent capability for substrate
preparation using chemical means which avoids the structurally disrupting aspects
of the sputtering process. This investigation has shown that in terms of final film-
substrate adhesion, the plasma pretreatment can yield an equivalent result when
compared to presputtering.

Poor adhesion means that cohesive strength of the interface is lower than those
of either the coating or substrate and that interfacial fracture initiates and propa-
gates prior to deformatiéns processes in either material. There are several possible
mechanisms by which chlorine could degrade adhesion. As pointed out by Carlsson
(Car:85), a reactant like chlorine could combine with the iron substrate and form
gaseous by-products, yielding corrosion and suBsequent porosity which disrupts
complete contact and acts as a stress concentrator. This would be expected at
elevated temperatures. At lower temperatures, Cl could form a brittle salt-like
layer. The presence of chlorine as an impurity, without forming a distinct phase,
could weaken the TiN-steel interface, analogous to the role of segregants promoting
grain-boundary fracture in alloys or ceramics. Experimentally, the correlation be-
tween interfacial segregants and brittle intergranular fracture has been well known
and documented for quite some time (Mar:69, Mar:72, Mar:722, Pal:69). There
is also evidence that boron can do the opposite, that is promote grain boundary
cohesion, in Fe-Mn alloys and in NizAl superalloys (Hwa:80, Liu:85).

The embrittlement phenomenon has only recently been investigated by theo-
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retical chemists. These studies are worthy of a short digression. In the ground-
breaking work of Briant and Messmer (Bri:80, Bri:82) the influence of sulfur on
the electronic properties of Nickel was investigated using the self-consistent-field
Xa scattered wave technique. The segregating impurity was placed in a four atom
polyhedron, believed to be representative of a grain boundary structure. Embrit-
tling agents, such as S or P, were found to withdraw charge density from the Ni
metal-metal bonds. They argued that such weakening correlated to a reduction
in cohesive strength. The degree of charge withdraw correlated with tendency to
embrittle, and was greatest for S, reducing in the order S>P>>C>B, with boron
being a “cohesive enhancer” and not withdrawing charge from the metal-metal
bonds. The effect of carbon was relatively neutral.

Eberhart et.al. pointed out that the Briant and Messmer model was valid only
for dilute sulphur concentrations, ignoring sulphur-sulphur interactions. They
investigated this issue with a larger cluster modeling grain boundaries of up to
20% sulfur concentration. As sulphur atoms interacted, charge transferred to
the coordinating nickel atoms, making the material more covalent and directional
than a dilute sulphur system. They have incorporated this information into a
qualitative model describing the fracture process, which includes bond and orbital
polarizability as factors, viewed in terms of the response of a crystal structure to an
applied stress field, in this case the region nearby an atomically sharp crack being
pulled in tension (following the crack tip stress field model of Rice and Thompson
(Ric:74)).

The model is summarized as follows. When a material with a crack is subjected

to tension in the arrangement of Figure 4.1, the system will lower its energy due

T

5 away from the tensile direction (the

to strain by deformation along the planes
planes of resolved shear stress) or by fracture and extension of the crack. The
particular response will be determined by the relative shear and cohesive strengths
of regions in the stress field. Of particular importance to the fracture process
are the atoms ahead of the crack tip along the cleavage plane. During elastic

tension, the positions of the nuclei perpendicular to the cleavage plane (along the
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XBL 8710-7935

Figure 4.1: The nature of a stress field near an atomically sharp crack, following
the model of Rice and Thompson (Ric:75, Ebe:86).
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applied stress direction) are being dilated, ie. they are moving further apart. The
electrostatic potential energy along this direction thereby increases because the
nuclei are no longer in their equilibrium position at the minimum of the potential
well. The electron density between the atoms can lower its potential energy by
flowing into the unperturbed bonds perpendicular to the applied stress, if these
orbitals are partially filled. This charge redistribution results in a contraction of
the bonds parallel to the cleavage plane.

This configuration, of weakening bonds along the tensile stress axis and strength-
ening bonds along the perpendicular cleavage plane, is the perfect condition for
further fracture. Eberhart et.al. are saying nothing more than that the cohesive
strength is related to charge polarizability. (They also show how polarizability at
the atomic level directly correlates with Poisson’s ratio.) They further assert “that
an impurity will facilitate brittle fracture if it :increases the charge polarizability of
the atoms across the cleavage plane” (Ebe:85). Such an impurity would also lower
shear strength, and in terms of the Rice and Thompson geometry, should therefore
equally promote deformation and fracture. However, the impurity concentration
in the grain boundaries (or interfaces) of a material can differ from that of the
bulk. While the tensile stress field ahead of a crack tip is applied across all planes,
both bulk and interfacial, probing for a weak link between any two planes, the
shear stress field (in this mode I loading arrangement) generally effects deforma-
tion via dislocation slip, which occurs in the bulk and not in the grain boundary
(or in an interface).

In the S-Ni situation, the sulphur-nickel interaction in the dilute sulphur case
is ionic, with electron density being drawn off the nickel atoms (as predicted origi-
nally by Messner and Briant) (Bri:80, Bri:82)). When sulphur atoms interact with
each other, the coordinating Ni-S sulphur bonds become more covalent. When a
tensile stress is applied, perpendicular to a grain boundary, the sulphur atoms
across the boundary move further apart, becoming less interacting, making the
S-Ni bonds across the boundary more ionic. Concurrently, sulphur (and nickel)

atoms along each side of the boundary are moving closer, becoming more interact-



CHAPTER 4. DISCUSSION 175

ing, and the metal-sulphur bonds along the boundary are becoming more covalent.
This configuration will assist the flow of electrons in a direction that will promote
bond breaking and fracture. Eberhart et al contend that “it is not the presence
of sulphur-sulphur bonds per se that causes embrittlement, but rather the way
in which sulphur facillitates electron transfer that promotes fracture” (Ebe:85).
They are suggesting that “sulphur atoms ‘catalyze’ cleavage in nickel” (Ebe:85).
Using similar arguments; the authors explain in detail the role of hydrogen in
embrittlement and the phenomenon of environmentally assisted cracking.

This author is of the opinion that concepts in the Eberhart et al. fracture
model are a useful theoretical framework for discussing adhesion in thin films, and
perhaps some aspects of boundary lubrication. Although the stress fields in these
situations are more complicated than the simple tensile case, fracture still occurs
across a plane of atoms. The interesting plane in the thin film situation is the
coating-substrate interface. As pointed out in section 2.4.2, adhesion by definition
means that strain in coating and the substrate equal at the interface. Since the
two materials have in general different mechanical properties, a stress gradient can
be present at the interface, arising from intrinsic stresses as well as externally ap-
plied stress fields. For good adhesion, the bonds across the interfacial plane need
to be resistant against charge redistribution into bonds along the interfacial plane.
Dopants which decrease this polarizability should improve adhesion. Those having
the opposite effect promote fracture. In the case of localized interfaces formed by
asperity contact between two solids (the situation that occurs during boundary
lubrication), polarization promoting impurities should act as atomic lubricants
when the system is loaded in shear. Since the loading is in shear, these impurities
promote a mode II shearing or sliding fracture. The shear strengths of planes along
the direction of shear are increased by such charge redistribution. Buckley and
his coworkers have observed dramatic decreases in friction coefficients determined
in UHV environments after clean metal surfaces are covered with atomic adsor-
bates (S,P,0,C) of levels as low as 0.1-0.2 monolayers (Buc:70, Buc:72, Miy:82,
Miy:83). These concentrations are curiously equivalent to the 1-20% impurity lev-
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els observed on the grain boundaries exposed by fracture in UHV of ceramics and
embrittled alloys (Mar:69, Mar:72, Mar:722, Pal:69).

As a final note, it is important to realize that the theoretical models of Eberhart
et.al., and especially those of Messner, do not incorporate the effect of stress fields
on the structure and thus the bonding of crystals. This development is needed.
In fact, although the concepts introduced by Eberhart are an excellent frame-
work for discussion, the state of the modelling is such that they can only explain
phenomenon that have been observed. They have not predicted events. Advance-
ments in such dopant-induced cohesion (de)stabilization theory will be of major.
importance in the area of composite material interfaces, thin film or otherwise.
However, improvements in modeling predictive capability will require experimen-
tal verification. Thin film synthesis should provide a very controlled experimental
environment to corroborate or reject theoretical predictions. Precise depositions
methods, such as molecular beam epitaxy, or high vacuum evaporation or sput-
tering will probably be the techniques which offer the most compositional control.
As this study has shown, the PACVD process is more complicated because surface
chemical reaction equilibria, which can be indirectly influenced, ultimately control
film composition. Thus, the PACVD technique is less suitable for experiments
requiring precise and variable interfacial composition control.

The hardness values of the TiN films produced by PACVD on M2 steel are not
as good as films produced by sputtering or even that of bulk TiN. The higher load
(100-200gm) data of thicker films (8-10u) clearly indicates this conclusion. The
best value of Vickers hardness obtained was about 1500kg/mm?. This is contrasted
to bulk TiN (2000kg/mm?) or reported values of sputtered TiN on high speed steel
(~2400 kg/mm?). The low load data is more inconclusive, showing no consistent
rise or fall. An indentation size effect was not evident. Rather, it appears that
measurement error effects (the large variation in calculated hardness for small
changes in diagonal size when the latter length is small) present are the source of
the scatter. The two microstructures observed, zone 2 and zone T, do not show

significant differences.” Biasing (up to -100V) does not show an effect. Grain size
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decreased slightly with increasing bias while morphology and bulk composition
did not change. Thus, grain size or morphology does not appear to be a dominant
microstructural feature confrolling microhardness in the present context.

The previous observations need to be reviewed in the context of knowledge
in the literature. The factors controlling hardness in thin compound films are
not well understood. As described in section 2.4.2, hardness is controlled by
the strength of interatomic forces and by the deformation mechanism operative.
Microstructural features influence hardness through the latter factor. The high
hardness of TiN is often explained by its band structure, as in section 1.4.2, in
that the material has a high degree of covalent bonding and that the antibonding
orbitals are fairly unoccupied. This study, as well as others, (Kik:84, Wim:85),
indicate that chlorine is detrimental to mechanical properties. Chlorine could be
detrimental in two ways: 1)if incorporated into the lattice by disrupting or altering
the band structure. 2)by forming regions of a separate, brittle chlorine-rich phase.

Though the effect of impurities on the bonding component of hardness is rela-
tively easy to explain, there is a real lack of knowledge concerning the deformation
mechanisms operative in compound films and the role of microstructure in con-
trolling these mechanisms. Sproul and Sundgren have reported hardnesses in thin
films higher than bulk TiN (2400 kg/mm? vs. 2000 kg/mm?). These higher hard-
nesses can only stem from microstructural influences on the deformation mech-
anisms. This subject is a topic of active research by Sundgren. There are two
general mechanisms of deformation that are often invoked: dislocation glide and
grain boundary sliding/cracking. Recent TEM studies by Hakansson et.al. indi-
cate that sputtered TiN films have a highly dislocated structure when deposited
on a grounded substrate (Hak:87). A negative substrate bias actually decreases
dislocation density up to about -100V, and then the dislocation density rises with
further magnitudes of bias. They propose that the grounded films have a high dis-
location density because of low adatom mobility during growth, which promotes
the incorporation of defects. Increasing bombardment energy by biasing increases

surface adatom mobility, which decreases defect density. However, above some
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critical voltage, the bombardment process itself induces defects in the crystalline
structure, of a greater magnitude than the dislocation annealed out of existence.

The dislocation density and structure of the TiN films produced by PACVD
is not known. The relationship between dislocation density deposition conditions,
and film mechanical properties requires further study, and needs to be compared
to sputtered film data. Of particular interest is the effect of biasing on dislocation
density and structure. The fact that biasing does not strongly affect the hardness
of PACVD films suggests that the situation is more complex than the sputtered
case. The presence of chlorine in the plasma could facillitate plasma assisted
etching, which would reduce film growth rate. The effect of this etching on film
chlorine content, or dislocation density is difficult to predict.

If dislocation glide is important, grain size should also have some influence
on hardness as well as bulk dislocation density, since the grain boundaries would
impede dislocation motion. Classically in metals, hardness increases inversely with

grain size, in a Hall-Petch type relationship
H=H, + kd-%

where H is the hardness, H, the intrinsic hardnesss for a single crystal, d the grain
size, and k is a materials constant. However results in the literature, reviewed
by Sundgren, indicate that TiN films do not follow a Hall-Petch relationship.
Over a range of grain sizes, from 500 to 6000 A, hardness increases with grain
size. For a Hall-Petch relationship to be valid, the grain boundary structure and
composition should remain constant as grain size changes. However, observed
changes in film grain size are often only' one of several changes that occur as
deposition conditions are changed. Film morphology, composition, and structure
can radically change, as the present study has shown for example with changes
in deposition temperature. Although low temperatures promote small grain size,
they also promote poor crystallinity and high defect contents. Studies by Hibbs
et.al. (Hib:84) and Jocobsson (Jac:79) indicate that film hardness decreases with

the increasing presence of voids at grain boundaries. The presence of such voids
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or of weak defect-dense grain boundaries should promote deformation by grain
boundary sliding.

If grain boundary sliding or microcracking is an operative deformation mech-
anism, then grain boundary composition is also of importance. As stated ear-
lier, grain boundaries can often have different compositions than that of the bulk
material. This author knows of no study of the grain boundary composition of
thin films. The films synthesized in the present study tend to fracture at the
grain boundaries. With a high spatial resolution scanning Auger microscope, the
scratch removal technique developed in this study could be used to investigate
grain boundary composition, by analysis of grain boundaries exposed by fracture.
Caution must be exercized to prevent Auger signal originating from the original
film surface or the exposed interface surface. In particular, the region of electron
scattering in the solid under the electron beam (the ‘tear-drop’ region) must be
kept within the film bulk. This situation requires a small beam size, a large film
thickness, and a grain boundary fracture surface orientation near-normal to the
incident electron beam. It is important to realize that the high chlorine contents
reported for the scratch track in figure 3.19 may stem in part from exposed grain
boundaries. If chlorine content is higher at the grain boundaries, this might con-
tribute to lower film hardness. Thus, the scratch removal technique, while clearly
important for issues of adhesion, may also be an important tool in investigating
the influence of grain boundary composition on film hardness.

In addition to SRT studies, TEM and Scanning Transmission Electron Mi-
croscopy (STEM) investigation of dislocation density and structure, and grain
boundary structure of PACVD-produced TiN films should be performed. Im-
provement of hardness in PACVD-produced films requires further study of the
relationship between microstructure and deformation mechanisms. Such funda-
mental investigations are necessary to systematically elucidate the deposition con- -
ditions that promote high film hardness.

The role of the plasma in film formation by PACVD is only partially understood

at present, though some summary observations can be made. The formation of
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TiN from TiCly and NHj is a case of plasma-enhanced CVD while formation from
TiCly, H, and N3, or the formation of TiC from TiCl; and CH,4, are cases of
plasma-assisted CVD since the latter two reactions are not thermodynamically
favored (using standard state Gibb’s free energy values) between 400 and 500°C.
Using the terminology of Veprek literally, the plasma exhibits a “kinetic effect” in
the NHi-based reactions, while a “thermodynamic effect” is observed in the other
reactions. However, in all cases, crystalline material is formed which could be
formed by conventional CVD at higher temperatures. Unique metastable materials
were not synthesized.

The actual reaction mechanisms that occur are not known at all. Only in-
ferences can be suggested at present, based on the observed effect of deposition
conditions on film properties. As stated earlier, deposition temperature strongly
influences film composition-primarily the degree of chlorine retention. If chlorine
contents are.low, a consistent Ti:N ratio is observed. The primary effect of the
other deposition conditions is to alter film growth rates. For the formation of
TiN at a given surface temperature, the general hypothesis can be proposed which
states that the film growth rates will be strongly influenced by the population of
ezcited-state species generated in the plasma.

The effect of varying r.f. power, that growth rates can show optimum val-
ues, is qualitatively easy to explain. Increasing r.f. power increases the sheath
field strength, which in turn increases the kinetic energy of electrons entering the
plasma. The electron energy distribution in the plasma is changed, which in turn
affects the population of excited-state species. Since each excited state has a cross-
section for formation, there will be optimum sheath field strengths that promote
a particular excited state. If these excited states are rate-limiting, higher powers
could lead to lower growth rates, until power is sufficient to create newer excited
states which promote film formation reaction kinetics. Gas composition also af-
fects the population of excited state species. The NHj; partial pressure kinetic
results in figure 3.12 would suggest a simple relationship, that is that an increase

in ground state feedstack rates is accompanied by a direct increase in growth rate,
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albeit enhanced by plasma excitation. The argon-ammonia experiment clearly
shows that the relationship between ground state and excited state populations
need not be direct. In fact, a nearly inverse relationship was observed. There is
clearly an interaction between the argon and the ammonia in the gas phase which
promotes TiN formation. The argument could be made that argon bombardment
of the surface somehow promotes growth. However, one would suspect that a
bombardment effect should also work with H,-N, plasmas. No enhancement of
growth was seen with argon in such plasmas. Rather a decrease in growth rate
was seen—argon behaved as an inert gas diluting the reactive species. Increasing
the H, /N, ratio also decreased growth rates, suggesting that excited state nitrogen
was becoming rate limiting. However, this idea is pure speculation. Spectroscopic
studies of the plasma are needed to elucidate volume chemical reactions.

Even without further study, the argon results could be utilized in industrial
applications. Ammonia-based films can be grown quickly, but suffer from poor
adhesion to steel. Hydrogen-nitrogen films adhere well to steel but tend to have
lower growth rates. A sequential deposition could optimize good adhesion and
high growth. The deposition could start with TiCly, H, and N, until the steel
surface is well covered. The thin film studies reported in section 3.3.5 indicate
that this occurs within five minutes. Once the steel is protected by an TiN layer,
NH; could be substituted for H; and N, to increase growth rate. However, an
argon-ammonia mixture would be even better, promoting an even higher growth
rate while minimizing the presence of corrosive and salt-forming NHj.

As opposed to altering only the plasma volume chemistry, the application of a
substrate bias affects the plasma-surface interaction. Increasing the substrate bias
increases the kinetic energy of bombarding ionic species. Such bombardment can
desorb bound surfaces, change defect (including dislocation) density, alter crys-
talline and morphological structure, implant gas atoms into the substrate, and/or
promote sputter spectrum of substrate atoms (Tho:83). In the PACVD films, the
major effect of biasing has has been to decrease film growth rates. Grain mor-

phology does not change, though there appears to be some grain size refinement.
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Composition does not change. Film hardness does not improve, suggesting that
biasing (up to -100V) does not affect the microstructural factors influencing hard-
ness. This author is of the opinion that a substrate bias in the present context
promotes a plasma assisted etching of TiN by Cl species from the discharge. Sput-
ter ejection by momentum transfer is suspected to be a minimal cause of lower
growth rates at -50 and -100V since studies of biasing with PVD (where Cl is not
present) indicate that reductions in growth rates do not occur until magnitudes of
-200V or more are applied (Sun:833). This plasma assisted etching in the present
case appears to the dominant effect of the application of a substrate bias, negating
any positive influences that may be occuring.

For the formation of TiC or Ti(CN), both the plasma chemistry and the sur-
face reactions can be more complicated. In the plasma volume, carbon can form
extensive bonds with itself or chlorine to make extended molecules (small poly-
mers) which probably do not have an analog in nitrogen chemistry. On the surface,
excess carbon can easily exist without titanium, whereas nitrogen would be ex-
pelled. However, in the films synthesized, all carbon in the films appeared to
be carbidic as opposed to graphitic. The large degree of scatter in film chlorine
content with increasing Pcp, suggests that some type of complex and variable
gas phase chlorine-carbon interaction was occuring. Spectroscopic studies of the
plasma volume would be particularly useful in resolving the reactions which favor
chlorine retention.

In summary, the present work has advanced the state of the knowledge regard-
ing the importance of surface temperature and chlorine expulsion in controlling
the morphology, composition and adhesive properties of TiN films synthesized by
PACVD. Future improvements require a fundamental study of the deformationl
mechanisms that operate in these films and the role of microstructure in influenc-
ing hardness. Surface science studies of the relationship between grain boundary
composition and mechanical properties are needed. Spectroscopic studies of the
plasma are necessary to understand how to systematically improve TiN film for-

mation rates and to control the formation of the more complicated carbonitrides
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and carbides of titanium.
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Chapter 5

Conclusions

This investigation has focused on determining the physical and mechanical
properties of titanium nitride films synthesized by r.f. plasma assisted chemical

vapor deposition. From this study, the following conclusions can be stated:

1)Chlorine removal at the surface-gas interface strongly influences the struc-
tural, chemical, and mechanical properties of TiN films formed by PACVD from
TiCly. In particular, substrate temperature dictates the chlorine by-product of
the TiCly reactions. Increasing deposition temperature promotes reduced chlorine
content in the films. Concommitant with this temperature increase, a transition
from an amorphous zone 1 morphology, to fine-grained zone T morphology (clearly
observed in the H,-N; films), to a highly crystalline zone 2 morphology is observed.
The films show a nearly exclusive (200) preferred orientation, though small (111)
components were sometimes observed in the zone T films. The low temperature
zone 1 material has extremely poor mechanical properties and disintegrates eas-
ily after formation. The temperature at which the transition to higher quality
TiN film formation occurs correlates with the temperature at which gaseous HCl

becomes the thermodynamically favorable byproduct over solid NH,Cl.

2)Film adhesion is dependent on initial deposition conditions. The ‘surface’

during the initial stages of deposition includes the substrate, which can affect the
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retention of chlorine at the resultant interface. Early ﬁlfn growth is characterized
by the nucleation and coalesence of TiN islands. Films synthesized with TiCl,
and NH; were found to have high interfacial chlorine contents, which is believed
to be detrimental to adhesion and to have promoted low-SAT critical loads and
massive spallation failure (Rickerby type A). Films synthesized with H, and N,
instead of NH3 were found to have better adhesive properties, exhibiting higher
critical loads and cohesive failure modes predominantly in the coatings. Chlorine
accumnulation at the interface was not observed. The L¢ values of the H,-N, based
PACVD-produced TiN films are comparable to values reported for PVD-produced
TiN on M2 steel. However, high-bias substrate precleaning bombardment was not
utilized in the present study, which suggests that the hydrogen discharge cleans the
surface by chemical means, ie. plasma etching. This chemical pretreatment could
be an alternative approach in situations where defects induced by bombardment

are undesirable.

3)A new procedure, the scratch removal technique, was developed and utilized
to determine the composition of weak interfaces, by combining in-situ scratching
with scanning Auger microscopy of resultant fracture surfaces. SRT can quickly
analyze interfacial failures and resolve sharp concentration gradients. With high
spatial SAM systems, the technique could be utilized to analyze coating grain
boundary composition, which would be of relevance to hardness studies if grain

boundary sliding or microcracking is an operating deformation mechanism.

4)The microhardness of the PACVD-produced TiN films (9-10/jm thick) on M2
steel was Hvjoo-Hvy00 ~1500 kg/mm,. Negative substrate biasing of magnitudes
up to 100V did not improve hardness. These values are lower than bulk TiN (2000
kg/mm,) or reported values of sputtered TiN (~2400 kg/mm?). |

5)The coreactants to TiCl, respond differently in the glow discharge. The

plasma enhances TiN film formation in the NH; case, where TiN synthesis is ther-
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modynamically favored down to temperatures of 180°C. The plasma assists and is
required for TiN synthesis at temperatures below 590°C, because film formation

by thermal CVD is not thermodynamically favored.

6)At a fixed deposition temperature, the plasma conditions primarily influ-
enced growth rates. Above 400°C, a stoichiometric, within the scatter of AES
(~5%) material was obtained. Power and gas composition showed optimal behav-
iors, suggesting that variations in thése parameters affect the population distribu-
tion of excited-state species which are deposition rate-limiting. The presence of
argon with ammonia enhanced film formation rates. In contrast a dilution effect
was observed for argon with hydrogen and nitrogen. Negative bias inhibited film
growth. Film morphology did not change though a reduction in grain size occured.
The severe retardation of film growth at low voltages (-100V or less) and high pres-
sures (0.1-1 Torr) suggests that the biasing is promoting a plasma-assisted etching
of TiN with chlorine from the plasma because significant sputter desorption is not

expected until higher voltages are applied.

7)Carbonitrides formed from TiCly, Hz, N; and CH4 showed greater variation
in composition, particularly chlorine content, at fixed temperatures. The ability
of carbon to form chloro-polymers in the gas phase and to exist as excess carbon
in the solid phase make the carbonitride synthesis more complex than pure nitride

synthesis.

8)Titanium dimethylamide decomposition, without a plasma, produced car-
bonitride powders. These formed because of the fact that the heating necessary

for vapor transport induced gas phase nucleation.
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