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Abstract 

The interfacial composiiton of plasma-assisted chemical vapor deposited 
TiN films on M2 tool steel is reported. An in-situ scratcher with a scratch 
adhesion test type diamond stylus was used to create scratches in ultrahigh 
vacuum (UHV). Auger electron spectroscopy analysis of the adhesive mode 
failures revealed a sharp chlorine concentration gradient at the exposed surface 
representing the prior interface. The scratch removal technique data is com
pared to sputter depth profile data. Scanning electron microscopy and energy 
dispersive spectrocopy investigation of the scratches following the UHV work 
is also presented and discussed. 

1 INTRODUCTION 

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 influenc.,. 

ing adhesion. If the interface is exposed by removal of the film, surface sensitive 

techniques such as Auger electron spectroscopy (AES) can be used to obtain this 

composition. Argon ion sputtering has been traditionally been used for this pur

pose. However, 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 the thickness of a few monolayers 

at an interface cannot be adequately resolved. The sputtering technique is also 

very time consuming when coatings of useful thickness (2-10 microns) are studied. 

More importantly, the sputtering technique does not provide any infromation on 

the mechanical properties of the film. The scratch adhesion test (SAT) is used 

to quantitatively evaluate the adhesive properties of protective coatings. When a 

critical load (eL ) is exceeded, the contacting diamond stylus causes film removal 

either in a cohesive mode (fracture occurring in the substrate or coating) or in an 

adhesive mode (detachment occurring at the interface). 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 

assesed. This approach makes it possible to resolve composition gradients and to 
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quickly analyze coatings of mechanically useful thickness. This paper reports the 

results of Auger analysis of scratches created in UHV by an in-situ scratcher with 

an SAT-type diamond stylus. The scratch composition data is compared to sput

ter depth profiles of the films. The coatings examined were titanium nitride films 

produced by plasma-assisted chemical vapor deposition (PACVD) deposited onM2 

tool steel. Scanning electron microscopy (SEM) and energy dispersive spectroscopy 

(EDS) investigation of the scratches following the UHV work is also presented and 

discussed. 

2 EXPERIMENTAL PROCEDURES 

The PACVD-produced TiN films on M2 steel were prepared with an apparatus 

under conditions described previously, using TiCI. and NHs as precursor gases.(7) 

The pretreatment of the substrates used in this study was an ultrasonic bath de

greasing with trichloroethane, acetone, and ethanol, followed by exposure to a 10 

minute NHs rf plasma prior to' film deposition. For the scratch removal study, 0.6-2 

micron thick coatings were used. All films examined were deposited at 4000 C and 

the bulk chlorine content was less than 2 at. % as determined by AES depth profil

ing using calculation methods found in the literature.(8) The CI/Ti ratios deduced 

from AES were coincident with those deduced from x-ray flourescene analysis. The 

Vickers microhardness of the two micron films was 1400 kgf (15 g load) and the 

SAT CL ranged from 600 to 800 gf (diamond tip radius = 0.2mm). The films failed 

in an adhesive mode. 

An UHV in-situ scratching device was designed and built in our laboratory, as 

shown in Fig.!. The device consists of a Rockwell C type indentor (Wilson Instru

ments Co.) with a tip radius of 0.2mm identical to the type used by Laboratoire 

Suisse de Recherches Horlogeres (LSRH), Neuchatel.(1,5) A rod and bellows assem

bly transmits force and motion, applied manually by the operator. The device was 

positioned so that it could be sputter-cleaned between scratches. 
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In our sputter Auger depth profiling experiments, we used Ar ions of 2 ke V at a 

pressure of 1.05 X 10-2Pa; under these conditions the sputter rate is approximately 8 

A/min. Following analysis in the scanning Auger microprobe (SAM) system (Phys

ical Electronis model 548), the morphology of the scratched regions was examined 

by SEM (lSI model WB-6). EDS was also used to determine the bulk composition 

of various features . 

3 RESULTS 

301 Interface Composition 

3.1.1 Scratch Removal 

AES analysis of the scratched regions revealed a very high chlorine content. 

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 2, which 

shows the AES peak intensities of Chslev, (Ti+N)ss7ev, Ti41sev, and Fe7osev, as a 

function of distance across a scratched region. Iron is concentrated 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 figU:re is 

representative of many profiles though several asymmetric CI distributions were 

found. The ratio ChSl/Ti41S 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 mono layers (see Fig. 3). The sputtering rate was 3 A/min. 

3.1.2 Depth Profiling 

Figure 4 shows a typical depth profile through a 0.6 micron film. Only the 

Auger peak intensities (uncorrected for sensitivity differences) are shown. CI and 

Ti concentrations decrease together. In contrast with the results of the scratch 
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removal described above, no sharp increases of chlorine in the transistion region 

were observed. Oxygen content (not shown) follows behavior similar to 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 NH3 plasma pretreatment 

prior to TiN deposition. 

3.2 SEM/EDS 

SEM of the scratched regions after UHV studies revealed that the track con

tained two regions, as shown in Fig. 5. 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. We believe that the high chlorine content 

seen in Fig. 2 corresponds to the B regions. The chlorine is associated either with 

the exposed substrate side of the intrface or with the newly created surfaces of TiN 

particles that were originally part of the interface and were subsequently overturned 

by the scratch process. 

Unfortunately, the spatial resolution of our analytical tools prevents us from di

rectly examining the exposed substrate. High-resolution scanning Auger microscopy 

studies are need to determine the exact distribution of chlorine between the TiN 

and steel interface. 

4 DISCUSSION 

In this investigation, the fact that the films failed in an adhesive manner during 

SAT imapct was utilized to study the composition of the interfacial region. The 

UHV scratch removal technique (SRT) can be quite useful in identifying elements 

that promote failure. One advantage of the method is that films with thicknesses 
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of 2 to 10 micron can be analyzed quickly. While these dimensions are necessary 

for useful mechanical properties, they make conventional sputter profiling very time 

consuming. 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. 

The design of the apparatus utilized in the present investigation was deliber

ately kept simple to determine if the exposed scratch area co~ld provide useful 

information. The evidence indicates that such studies are beneficial. In a future 

SAT 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 composition 

of the fracture regions investigated. UHV-compatable friction and adhesion testing 

devices incorporating strain gauges and motor drives have already been successfully 

built and employed by Buckley and his co-workers.(9) 

The PACVD-produced coatings failed in an adhesive manner during SAT im

pact. The experimental evidence indicates that these failed regions contain high 

amounts of chlorine, which was very concentrated at the interface, within the first 

one to three monolayers, as determined by subsequent sputtering of the exposed sur

faces. Conventional sputter depth profiling through the entire film did not detect 

this chlorine accumilation because the ion bombardment process mixed the surface 

monolayer with underlying monolayers. The chlorine content at the exposed surface 

was significantly higher (5-20 times) than that found in the film bulk. In a previous 

study, we have shown that the structural and, thus, the mechanical properties of the. 

TiN films are controlled by the removal of chlorine from the TiN-gas interface.(7) 

Bulk chlorine content was found to increase with decreasing deposition temperature 

concomitant with severe degradation of mechanical properties, especially for depo

sition below 300°C. However, even films deposited at 400°C with low bulk chlorine 

contents had low SAT CL values comparable to the magnitude reported for rf sput-
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tered films on high speed steel (HSS) tool steels with a similar pretreatment, i.e., 

solvent degreasing.(5) 

In our P ACVD films, the presence of chlorine is certainly detrimental to adhe

sion. We believe that the excess chlorine stems from residual HCI present in the 

chamber as a background gas that adsorbs onto the substrate prior to deposition. 

An rf plasma pretreatment seems to add nitrogen to the substrate. The effect of 

the nitrogen region on adhesion has yet to be determined. The role of oxygen at 

the interface also requires study. Results of Helmersson et aI. suggest that TiN 

adhesion on HSS is improved if reduced iron oxides are present.(5) 

5 CONCLUSIONS 

(i) A simple device using an SAT -type diamond stylus was utilyzed to remove 

films in an adhesive mode in UHV. AES investigation of the surfaces created by 

impact yielded qualitative compositional data about the prior film-substrate inter.:. 

facial region. Careful scanning electron microscopy or scanning Auger microscopy 

was required for proper interpretation of the data. The technique allowed for much 

faster investigation of thick (several micron) films that have interesting mechanical 

properties than sputter depth profiling. In addition, SRT can detect very sharp 

. interfacial composition gradients, which the sputtering process would broaden. 

(ii) The interfaces of the particular samples studied, which were PACVD-produced 

TiN coatings on M2 steel deposited at 400°C from an rf (12 MHz) plasma of TiCl4 

and NHs, have been found to contain a great deal of chlorine. The presence of the 

halogen is believed to be detrimental to film adhesion and to have promoted the 

low SAT critical loads (600-800 gf) found in the 2 micron coatings. 
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List of Figures 

Fig. 1. Cross-sectional view of the UHV scanning Auger chamber showing 

the scratch removal device, along with analyzer, sputtering gun (with deflection 

capability), and sample holder. The manipulator (not shown) is capable of six 

motions, including rotation with variable axis (the manipulator axis is perpendicular 

to the page) offset. The samples have to be rotated between scratching and AES 

analysis. Sputtering can be performed in the AES position. The stylus is a Rockwell 

C diamond indentor (r = 0.2 mm). Stylus translation and load are applied by the 

operator using the rod, bellows, and handle assembly. 

Fig. 2. Auger peak intensity of Chslev, (Ti+N)ss7ev, Ti.usev, and Fe703ev 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 CI content at the exposed 

surface representing the prior interface is higher than the bulk. Region C represents 

the undisturbed. TiN film. See Figure 5 for a physical interpretation of regions A. 

and B. 

Fig. 3. Chlorine content as a function of sputtering time for a chlorine-rich 

region in a scratch (corresponding to a B area in Figs. 2 and 5). The sputtering 

rate was 3 A/min. The sharp drop in the first 3 min indicates that the Cl is highly 

concentrated at the exposed surface representing the prior interface. 

Fig. 4. Auger peak intensity as a function of sputtering time for a P ACVD

produced TiN coating on M2 tool steel. The sputtering rate was estimated to be 

8 A/min. No high chlorine content is seen-at the interface. The ion bombardment 

process would disrupt any sharp interface concentration gradients like that shown 

in Fig. 3. 

Fig. 5. (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 
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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 shown in Fig. 2. 
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FIGURE CAPTIONS: 

1. Cross-sectional view of the UHV scanning Auger chamber showing the Scratch 
Removal device, along with the analyzer, sputtering gun (with deflection 
capability), and sample holder. The manipulator (not shown) is capable 
of six motions, including rotation with variable axis (the manipulator axis 
is perpendicular to the page) offset. The samples have to be rotated 
between scratching and AES analysis. Sputtering can be performed in the 
AES position. The stylus is a Rockwell 'c' diamond indentor (r=0.2mm.). 
Stylus translation and load are applied by the operator using the rod, 
bellows, and handle assembly. 

2. Auger peak intensity of C1181eV, (Ti+N)387eV, Ti418eV, and Fe703eV as a 
function of 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 
Figure 5 for a physical interpretation of Regions A and B. 

3. Chlorine content as a function of sputtering time for a chlorine-rich 
region in a scratch (corresponding to a 'B' area in Figures 2 and 5). The 
sputtering rate was 3 A/min. The sharp drop in the first three minutes 
Lndicates that CI is highly concentrated at the exposed surface repre
senting the prior interface. 

4. Auger peak intensity as a function of sputtering time for a PACVD-produced 
TiN coating on M2 tool steel. The sputtering rate was estimated 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 Figure 3. 

5. (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 imapacting stylus. Region C is the 
unaffected coating. The three regions correspond to the composition 
regimes indicated in Figure 2. 
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