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ABSTRACT: 

TiN films were deposited onto M2 tool steel, stainless steel 304 and 

glass substrates by plasma assisted chemical vapor deposition (PACVD). 

TiC14 and NH3 were the reactive gases used in the pressure range of 0.2 

to 1.0 torr. The use of the plasma accelerates the rate of film 

deposition by about an order of magnitude. Auger electron spectroscopy, 

x-ray diffraction and electron microscopy studies revealed the growth of 

two types of films depending on the substrate temperature. At 300°C and 

above highly crystalline stoichiometric TiN formed with (200) surface 

orientation having a columnar grain structure. These films have good 

adherence and hardness. Below 300°C an amorphous TiN-Cl complex forms 

that exhibits poor mechanical properties. Above the transition 

temperature the formation of gaseous HCl in thermodynamically favored as 

a reaction by-product while the formation of solid NH4Cl in favored at 

the lower temperatures. Vickers microhardness values and scratch 

adhesion results are reported. Above 5JJm thickness the films have 

poorer adhesion because of the build-up of residual stress. 



3 

1. INTRODUCTION: 

Hard coatings of titanium nitride (TiN)· are deposited by either 

high temperature (>1000°C) Chemical Vapor Deposition (CVD) process or 

by low temperature (<600°C) Physical Vapor Deposition (PVD). For 

coating tool steels, PVD processes are preferred over CVD because the 

latter usually operates above the austenite transition temperature 

(723°C), which can degrade the mechanical properties of the alloys. Of 

the PVD processes, RF 
l.-'9 

sputtering and activated reactive 

evaporation10
-

11 have been studied most extensively. The use of Plasma 

Assisted Chemical Vapor Deposition (PACVD) to form TiN coatings for· 

• 1.2-1.4 too 1 app 1 i cations has been bypassed with some except 1 ons. PACVD 

can produce more uniform deposits on substrates with complicated shapes 

than the line-of-site PVD processes and thus, it could be advantageous 

t 1 . . t 1.2-1.3 o emp oy 1n many c1rcums ances. 

The purpose of our studies is to understand the relationship 

between the physical properties, including thickness, morphology, 

crystallinity, and composition, of PACVD-produced TiN coatings and the 

mechanical properties, including hardness, adhesive strength, and 

residual stress state of the films. These properties, in turn, depend 

u_pon. plasma deposition conditi_oo~. We re_pJ>r·Li.n this paper the effect 

of various process parameters, including deposition temperature, gas 

composition, and RF power, on the physical and mechanical properties of 

titanium nitride films formed by PACVD from TiCl4 and NH3. The 

investigation of the plasma chemistry of this system using 

spectroscopic techniques is now underway and wi 11 be reported in the 

near future. 
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2. EXPERIMENTAL PROCEDURES: 

2.1 Apparatus 

A planar R.F. deposition system based on an earlier design 15
-

16 was 

built for these experiments. This apparatus is a smaller version of 

industrial models used for Si3N4 deposition and reactive ion 

etching. 17
-

19 A chamber made of stainless steel 304 (ss 304) served as 

the chemical reactor and a separate connecting chamber housed an EAI 

quadrupole mass spectrometer that monitored gas composition. A 

schematic of the apparatus is shown in Figure 1. Pressures of 0.1 to 1 

torr were maintained during the reaction by a rotary mechanical pump 

(Sargent Welch 1397). The reaction chamber could also be evacuated to 

10-7 torr by a liquid nitrogen trapped oil diffusion pump. During the 

deposition, the mechanical pump foreline pressure was maintained at 0.1 

torr by flowing nitrogen gas to dilute the NH3 reactant. A liquid 

nitrogen cooled trap was employed in the foreline. The pressure in the 

reaction chamber was monitored by a capacitance manometer gauge (MKS 

Baratron 227A). The system pressure was adjusted by altering input gas 

flow by needle valves and by throttling the pump. 

The electrodes were two parallel· circular plates (4 11 diameter) 

electrically isolated from the chamber. An RF oscillator set at 12 MHz 

was amplified by an EN! Corp. Model 2100L RF amplifier. A Heathkit 

Model 5A-2060A antenna tuner matched the impe9ance of the RF amplifier 

to that of the plasma through the top plate. This plate had a hollow 

annulus, into which NH3 gas was injected from a connection at the upper 
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side of the plate. The NHa left the annulus through six centered holes 

on the lower side of the top plate, so that the gas flowed radially 

outward between the plates. TiCl4 vapor drawn from a liquid flowed 

into the system through a quartz conduit passing through the center of 

the top plate. The bottom electrode, which was grounded, was a thin 

stainless steel plate secured over a resistive ring heater, which could 

provide a maximum temperature of 600°C. The heater temperature was 

monitored by a thermocouple. 

Samples were clamped onto a copper holder which was placed onto the 

1 ower e 1 ectrode through an interlock and transfer mechanism deve 1 oped 

in our laboratory. 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 

temperatures measured at the sample surfaces with thermocouples 

directly spot welded to them. 

2.2 Materials 

NHa gas (Matheson) and TiCl4 vapor (Roc-Ric Corporation, Sun 

Valley, CA) were the starting materials used to form TiN. Most of the 

deposition studies used M2 tool steel as substrates, although coatings 

were also produced on glass and on ss 304. The tool steel (Coulter 

Steel Co .• Emeryville. CA) was rough cut into 0.5"x0.5"x0.19" or 

0.5 11 x0.25"x0.19" rectangles, austenitized at 1225°C for one hour in 

argon, and quenched in oil. The samples were tempered in air at 523°C 

for one hour and then at 496°C for one hour to achieve a Rockwell 

hardness of C63 to C64. The thickness of the sample was reduced to 
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0.125 11
• by grinding. The surface to be coated was subsequently polished 

by SiC paper and finally with lpm diamond paste. The samples were then 

cleaned in acetone. 

Metallographic investigation of the M2 steel revealed a mean grain 

size of 2 lJm, with a 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 W and Mo or V alone. M2 steel is known to contain 

two types of alloy carbides: an extended fcc M&C-carbide consisting of 

W and Mo, and a NaCl-structure vanadium carbide, the presence of both 

are confirmed by our EDS study. 9 

2.3 Deposition Conditions: 

In this study, the substrate temperature, total pressure PTOT' 

ammonia flow rate, RF power, and deposition time were varied. TiC14 

flow was held constant at 0.21 millimoles/min. during the experiment. 

The value of PTOT ranged from 0.2 to 1.0 torr by varying the ammonia 

flow from 0.27 to 2.4 millimoles/min. The radio frequency (RF) was 

kept constant at 12.00 MHz and the electrode spacing was one inch. 

Substrate temperature varied from l75°C to 400°C and RF power was 

varied from zero to twenty-five watts. Deposition time ranged from 

five to ninety minutes. In all cases, the samples were initially 

p 1 aced on to the heater, which was set for a samp 1 e temperature of 

400°C. The samples were cleaned in a 0.3 torr NH3 plasma for ·ten 

minutes. The system was then evacuated and the substrate temperature 

.. 
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was readjusted to the desired deposition temperature. NH3 was added to 

the desired level and the plasma was ignited. TiCl4 was then allowed 

to flow into the plasma. 

2.4 CHARACTERIZATION: 

2.4.1 Physical Properties 

The morphology of the M2 substrates and the TiN coatings were 

investigated by optical and scanning electron microscopy. In order to 

observe the coating cross-section, the TiN-covered M2 substrate was 

impacted by a Rockwell •c• diamond indenter under a 1500 gm load. The 

coating was removed around the indentation, exposing the M2 substrate. 

By tilting the sample in an SEM (lSI model OS 130 or AMR model 1000), 

the coating cross-section morphology and thickness could be determined. 

The crystallinity of the films was investigated by x-ray 

diffraction (XRD) with a Siemens Kristallofflex Difractometer using 

Cu-Ke& radiation. The chemical composition of the surface was studied 

in a separate chamber by Auger electron spectroscopy (AES) and by 

sputter depth profiling. The spectra were obtained with a Cylindrical 

Mirror __ Analyzer (CMA) System (Physical Electronics 545 Scanning Auger 

Microprobe) which was routinely maintained at 2xl0-9 torr. The 

analyzer modulation was one volt and the electron beam energy was set 

at 2 KeV. Argon ion sputtering was performed under flowing conditions 

-4 
at a pressure of 2xl0 torr using a 2 Kev beam and 5p A specimen 

current. 
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2.4.2 Mechanical Properties 

· Two types of hardness tests were performed. The Rockwell •c• Test, 

that is insensitive to the presence of a thin coating, was used to 

determine if the M2 hardness had changed during deposition because of 

sample heating. Vickers microhardness testing was performed on coated 

and uncoated regions of the samples. Indentation loads of 15, 25, 50 

and 100 gms were used, with ten measurements at each condition. The 

coating-substrate interfacial strength was evaluated by the Scratch 

Adhesion Test, using a device built in our laboratory, patterned after 

the model built by Greene et al. 20 The indentor was a Rockwell •c• 

type, with radius of 0.2 mm, which is the same type used in commercial 

testers built by LSRH. 21 The state of residual stress (compressive or 

tensile) of the coatings on M2 steel was determined by observing the 

curvature of thick films which had failed. Buckling of the film occurs 

because of residual compressive stresses while cracking and upward 

curling stems from residual tensile stresses. Since M2 steel has a 

-6 thermal expansion coefficient, B, greater than TiN (12.0xl0 /°C vs. 

9.95xl0-6 /°C) glass substrates having a lower ~ (8.5xl0-6 /°C) than 

TiN, were used to determine if B mismatch was an important source of 

residual stress. 22
-

23 The state of residual stress in the films grown 

on glass substrates could be ascertained by examining the curvature of 

the coating and substrate developed after TiN deposition. Upward 

curvature is indicative of residual tension and downward curvature 

suggests residua 1 compression. Blank glass substrates heated to the 

reaction temperature did not change shape. 
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2.5 Thermodynamic Calculations 

Using TiCl4 and NHa vapor as starting materials, several reactions 

can occur that yield TiN and either solid NH4Cl or gaseous HCl as the 

halogen by-products. Figure 2 shows the Gibb's free energies of 

formation as a function of temperature for three representative 

reactions using data from the literature. 
24 

Reaction 1 forming solid 

NH4Cl and TiN becomes less favorable as temperature increases. 

Reaction 2, forming TiN and gaseous HCl becomes more favorable with 

increasing temperature. Reaction 3, having more NHa that yields more 

hydrogen and nitrogen molecules is even more favorable than reaction 2 · 

at the higher temperatures. 

The intersection of reaction 1 with 2 or 3 indicates the critical 

temperature separating HCl formation from NH4Cl production. In 

principle, a very large excess of NHa could reduce the critical 

temperature to 180°C, but this is not a practical option. If TiCb, 

that might be present in the plasma, is used instead of TiC14, the free 

energy curves are all shifted down, as show in curves 4 through 6. 

However, the resulting critical temperature at which the reaction 

products change from NH4Cl to HCl is similar to that with TiC14 because 

all of ·the. free energy_ curves shift. These calculations indicate that 

in order to form TiN films without the presence of· ch 1 ori ne using a 

pure CVD process, the deposition temperature must be above 350°C 

approximately. 
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3. RESULTS 

3.1 TiN Film Properties 

3.1.1 Film Structure and Composition 

The TiN coating properties over M2 steel were extensively 

investigated at optimum deposition conditions of a film thickness of 

2.00 to 2.30 pm, a deposition temperature of 400°C, 20 watts R.F. 

power, PTOT of 0.2 to 1.0 torr, TiC14 flow rate of 0.21 millimoles/min, 

and NH3 flow rates of 0.27 to 2.4 millimoles/min. Scanning electron 

microscopy showed that the TiN grew with columnar grains, as shown in 

Figure 3. The columns appeared dense at the exposed grains, and 

extended from the substrate to the TiN surface. The externa 1 surface 

of the film followed the topography of the substrate. Using Thornton•s 

classification system, the structure appears to be a zone 2 type. 25 

The average grain diameter was approximately 2500 A, about an order of 

magnitude less than the M2 steel grain size. X-ray diffraction showed 

that the films had a strongly preferred orientation. 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 face centered cubic structure. This preferred 

orientation of the TiN deposits was also observed on glass and ss 304 

substrates. The formation of thin films of bee, fcc, or hcp structure 

having their most densely populated plane parallel to the substrate has 

been reported in the literature. 25 
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Analyzing the surface composition of the TiN films by Auger 

electron spectroscopy is made difficult by the overlap of the nitrogen 

KL23L23 line with the titanium L3M23M23 387 eV line. However, 

measurable changes occur in the intensity and shape of the 387 eV Ti 

peak as nitrogen is added. Specifically, the (Ti+N}387/Ti4l.a Auger 

peak-to-peak ratio increases as nitrogen content increases. Schneider 

and Nold
26 

found this ratio to increase from 0.74 to 2.03 in going from 

the pure metal to TiN, whereas Dawson and Tzatov 27 using a Retarding 

Field Analyzer (RFA) observed a change from 0.71 to 2.63. The value 

obtained by the last authors should be corrected to account for the 

varying resolution and sensitivity in the CMA type analyzers (~E«E). A 

first order correction converts the 2.63 ratio to 2.43. Although the 

reported va 1 ues differ, the trends are the same. This range of ratios 

for stoichiometric TiN 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 ana 1 ys is of a known standard using the same spectrometer under 

identical conditions. 

In our studies, we used AES and sputter profiling to estimate the 

bulk composition of the films. Figures 4a and 4b show the Auger 

spectra of a film before and after sputtering. The (Ti+N)3a71Ti41a 

values of sputtered films ranged from 2.19 to 2.38, which is within 

t d T.N . 2&-27 repor e 1 rat1os. The film surfaces had large amounts of 

carbon and some oxygen that were removed by sputtering. After a short 

initial sputter treatment to remove the first few layers, the 

composition of the films did not vary until the M2 substrate was 
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reached. Bulk oxygen, carbon, and chlorine content was less than 3 at 

%, 8 at %, and 2 at % respectively as determined by evaluating the 

Os1o/Ti41s, C21o/Ti41a, and Cl1ao/Ti41s Auger peak ratios and using the 

28 procedure described in the Physical Electronics Auger Handbook. The 

small residual carbon inside the films appeared to be carbidic, as 

29-30 deduced from the shape of the AES peak. 

3.1.2. 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 Rockwell hardness values did not change, within 

one point R . 
c 

Vickers hardness testing of the coated and uncoated 

regions indicated that the film increased the hardness at the near 

surface as shown in Figure 5. However, the bulk hardness value of TiN 

(2000 Kg/mm
2

) was not obtained even at lower loads (15 gms) for a 2 pm 

thick coating. 

2200 Kg/mm 2 

Sproul obtained films with Vickers hardnesses, H , of 
v 

for 9.5 pm thick coatings (grown by RF reactive 

sputtering) at a 200 gm load. 7 Because of the differences in loads and 

thicknesses, the results cannot be directly compared. It is clear 

however that our hardness values are smaller than those of Sproul. 

7 The SAT results of Sproul using 2 pm coatings and our results can 

be directly compared. Our PACVD films have inferior adhesive strength, 

failing at critical loads of 500 to 600 gms force, while the RF 

sputtered films fail at 2 kgf. Recently, Helmersson et al. have shown 

that substrate pretreatment significantly affects the adhesion of RF 
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sputtered TiN films on high-speed steels.
9 

For a 5 pm TiN coating on 

ASP23 steel at 400°C, SAT critical loads varied from one to five Kgf. 

Their values obtained on samples that were simply degreased with 

solvents (trichloroethylene, acetone, and ethanol) are quite close to 

the SAT values obtained on our PACVD films which were degreased in 

acetone and cleaned in an NH3 plasma. The effect of substrate 

pretreatment and interface chemistry on the adhesion of PACVD films to 

M2 steel is the subject of current research. It is also important to 

note that Sproul's films had a very different morphology from our films 

consisting of equiaxed grains of 300 to 400 A diameter. The 

morphology of Helmersson et al.'s films was not reported. 

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. EDS confirms that the failure is by delamination at the 

interface because Ti cannot be detected at the exposed surfaces. 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. 

3. 2 Effect of Changing Film_ Deposit ion Parameters 

In this section we describe the results of the influence of the 

various experimental parameters that can be varied in our system on the 

physical and mechanical properties of the TiN films. The parameters 

include substrate temperature, reactant pressure, and RF plasma power. 
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3.2.1. Deposition Temperature 

The sample temperature during deposition could be varied from 400 

to 170°C. As the temperature decreased, the color of the coatings 

would shift from gold-bronze, through purple-blue, to blue-black, 

independent of film thickness. The black films appeared below 300°C. 

The film became amorphous and no traces of crystallinity were detected 

by XRD. The ( 200) and ( 400) 1 i nes in the XRD patterns were observed 

only at 300°C and above. Few studies were possible on the lower 

temperature (<300°C) coatings because they tended to spontaneously 

disintegrate (flake off) after production. However, the low 

temperature coatings that were observed by SEM had a columnar 

appearance, as did all films deposited at 300°C and above. However, 

these low temperature grains appeared to be of a zone 1 type 

(hemispherical capped tops with fibrous, porous interior) of the 

Thornton classification system, instead of a zone 2 type. Figure 6 

shows that chlorine content in the coatings decreased as temperature 

increased to levels below 2 at % at 400°C. Note that the temperature 

at which crystallinity appears and at which chlorine content decreases 

significantly is close to the - temperature at which the 

thermodynamically favored halogen by-product changes from solid 

ammonium chloride to gaseous HCl. 

heights of HCl to NH3 sampled 

temperature as shown in Figure 6. 

The ratio of mass spectr~meter peak 

during deposition increased with 
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3.2.2. Ammonia Partial Pressure and Thickness Variation 

Ammonia partial pressure was varied from 0.1 to 0.9 torr. Figure 6 

shows that PNH
3 

did not significantly affect film chlorine content or 

crystallinity as a function of temperature. The grain size of the 

films did not change as PNH
3 

was varied at 400°C. Film growth rate was 

found to vary at a rate of approximately 35 .1\/(sec. torr) as shown in 

Figure 7. Using various values of PNH
3

, coatings were prepared of upto 

eight micron thickness. However, coatings that were greater than 5 ~m 

thick tended to spontaneously buckle away from the substrates, 

suggesting that the coatings were under residual compression. TiN 

films deposited on 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 RF sputtered TiN 

films. 

3.2.3 RF Power 

Figure 8 shows the film growth rate as a function of RF power at 

400°C and three different values of PNH
3

• Even with zero power (i.e. 

no plasma) a TiN formation reaction readily occurred. Increasing the 

plasma power increased the growth rate between 5 and 10 times in the 

range studied, which was between zero and twenty-five watts. However, 

the improvement in growth kinetics ceased at 15 watts, above which RF 

power had no further effect. 
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4. DISCUSSION 

The experimenta 1 evidence suggests that the structura 1 and thus, 

the mechanical properties of the TiN films are controlled by the 

removal of chlorine at the growing TiN-gas interface. At low 

temperatures, below 300°C, where thermodynamic equilibrium favors the 

formation of solid NH4Cl the film quality is poor. As soon as HCl 

formation becomes thermodynamically favorable (>300°C) higher quality 

TiN films are produced. This indicates that the film composition is 

controlled by surface reactions involving the breaking of Ti-Cl bonds 

rather than the presence of new species that are created in the 

plasma. Since Cl is detrimental to mechanical properties, 

thermodynamics places a lower limit on the deposition temperature of 

the PACVD process for TiN formation from TiCl4. If the process is to 

operate below 300°C, some other volatile, titanium-bearing compound 

wi 11 have to be found. The substance cannot contain oxygen, because 

oxide formation is thermodynamically favored over nitride formation. 
24 

TiN films can be deposited from TiCl4 and NH3 under our 

experimental conditions without using a plasma. Nevertheless, the 

presence of a glow discharge accelerates the rate of deposition by an 

order of magnitude, apparently without changing the formation 

mechanism. The role of the plasma in improving deposition kinetics is 

insufficiently understood at present. The glow discharge could be 

assisting chlorine dissociation from TiC14 or hydrogen dissociation 

from NH3. Both reactions could accelerate TiN formation. The 

investigation of plasma chemistry using spectroscopic techniques to 

elucidate these possibilities is the subject of current research. 
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The mechanical properties of our PACVD TiN films on M2 tool st.eel 

do not appear to be as good as those from the films prepared by Sproul 

using the RF sputtering technique. The hardness data cannot be 

compared directly because Sproul used a less surface sensitive load 

(200 gm) on thicker coatings (9.5 microns), while this study used light 

loads (15, 25, 50, 100 gms) on thinner (2 to 5 microns) films. PACVD 

coatings thicker than 5 micron buckled. Unbuckled coatings in the 2 to 

2 
5 lJm range yielded Hv1s values between 1300 and 1400 kg/mm whereas 

Sproul reports films that exceeded the bulk hardness of TiN which is 

2 
2000 kg/mm . However, as stated earlier, the sputtered films had a 

fine, equiaxed grain structure. The larger and columnar grain 

structure of the PACVD films could account for their lower hardness. 

The adhesion data, at 2 lJm film thickness, which can be compared 

directly show that the PACVD films have SAT critical loads only 

one-fourth of those of the sputtered films on M2 steel. The residual 

stress in the films could lower their SAT critical loads. The effect 

of substrate pretreatment on PACVD TiN film adherence requires further 

investigation. Alteration of the experimental conditions that could 

disrupt the film growth and improve substrate cleanliness, are being 

attempted in order to prepare thicker, harder films with less residual 

stress. 

5. CONCLUSIONS 

1. The plasma increases the rate of growth of PACVD TiN films, formed 

from TiC14 and NH3, up to an order of magnitude in the power range 
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studied, zero to twenty-five watts at 400°C. No improvements in 

growth kinetics were seen above 15 watts. 

2. The deposition temperature is a key parameter in determining the 

nature of TiN films formed by this process. At 300°C and above, 

crystalline TiN is deposited with a columnar structure and (200) 

orientation. The films formed on M2 steel are in residual 

compression while films formed on glass were in residual tension. 

SAT critical load values and hardness magnitudes are lower than 

those reported for RF sputtered films having a finer, equiaxed 

grain structure. Below 300°C, the PACVD process forms an amorphous 

TiN material that contains a great deal of chlorine. This material 

has extremely poor mechanical properties and disintegrates easily 

after formation. The temperature at which the transition to higher 

qua 1 ity TiN film formation occurs correlates with the temperature 

at which gaseous HCl becomes the thermodynamically favorable 

by-product over solid NH4Cl. 

3. Increasing the partial pressure of NH3 increases the growth 

kinetics of the films at a rate of 35A/(sec. torr) in the pressure 

range studied: 0.1 to 0.9 torr. 
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Figure Captions: 

Figure 1: Schematics of the RF plasma assisted CVD System. 

Figure 2: Plot of ~G versus temperature for various TiN-forming 
reactions with either solid NH4Cl or gaseous HCl as the 
halogen by-product. a) TiC14 and b) TiCh are used. At 
higher temperatures, expulsion of HCl into the gas phase is 
favored over halogen incorporation into the growing film. 

Figure 3: SEM micrograph of TiN film cross-section, created by the 
impact of a Rockwell •c• diamond indentor (1500 gm load), 
showing the zone 2 type columnar grain structure seen in the 
PACVD coatings of this study deposited at 400°C. 

Figure 4: Representative AES spectra of a TiN film in a) the 
as-received condition and b) after 15 minutes of 
sputtering. The film composition remains constant 
thereafter until sputtering penetrated to the substrate. 
Deposition temperature: 400°C. 

Figure 5: Vickers hardness as a function of test load for TiN-coated 
and uncoated regions on an M2 steel substrate. The coating 
thickness is 2.25 pm. Deposition conditions: Td = ep 
400°C. PTOT = 400 pm, NH3 flow rate= 0.81 millimoles/min., 
TiC14 flow rate 0.21 millimoles/min. 

Figure 6: Chlorine content in the TiN film versus deposition 
temperature at various NH3 partial pressures, as determined 
by AES (left). The temperature regime where TiN 
crystallites were detected by XRD is indicated. The ratio 
of HCl to NH3 mass spectrometer peak heights, determined by 
sampling gas from the plasma during deposition, is also 
shown (right axis). As temperature increases, the 
deposition reaction favors the elimination of chlorine from 
the film into gas phase HCl. 

Figure 7: Relationship between film growth rate and ammonia partfal 
pressure for a fixed TiCl4 flow rate of 0.21 
millimoles/min. The deposition temperature was 400°C and 
the RF power was 20 watts. 

Figure 8: Film growth rate versus RF power for three different ammonia 
partial pressures at 400°C. 
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I. 0 TiCI4+6NH3~ TiN+4NH4CI +lf2H2 + 112N2 
2. t:::.. TiC14 + 2 NH3~ TiN+ 4HCI+ H2 + V2 N2 

3. 0 TiCI4 + 6 NH3 .or= TiN+ 4 HCI + 7H2+ 5f2 N2 

4. 0 TiCI3 + 4 NH3= TiN+ 3 NH4 CI 

5. t:::.. TiCt3+ NH3 ~TiN+ 3 HCI 

6. 0 TiCI3+3NH3~ TIN +3HCI+N2+3H2 
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