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Abstract. The distribution of the relevant elements

within TiN coatings, made with two different physical

deposition methods as the conventional dc vacuum arc

method and the ®ltered high current pulsed arc method

(�-HCA) are characterized and ®nally compared.

Despite the rougher surface of the dc-arc produced

TiN layer, which is due to accumulated droplets, there

is no evidence of different stoechiometric composition

of Ti and N on the surface. The interface of the dc-arc

produced TiN layer (600 nm) is 10 times wider than the

one made with the new ®ltered high current pulsed arc

method (60 nm). However the TiN layer made by �-

HCA shows an inhomogeneous distribution of alumi-

num and chlorine in the vertical direction, whereas the

dc-arc sample is homogeneous. Furthermore, the TiN

layer made by �-HCA shows vertically an obvious

local maximum of chlorine at a depth of about 130 nm.

This vertical local maximum has an homogeneous

distribution in horizontal direction, which means that

a thin, chlorine enriched layer has been incorporated

inside the TiN layer. Nevertheless, quanti®cation by

SIMS shows that aluminum as well as chlorine con-

centrations of both samples are too low to in¯uence any

TiN properties.
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The use of conventional materials in sophisticated

applications in manufacturing parts of motors and

turbines, in energy production, as well as in the

production of classical machine tools and medical

surgical tools, is no longer adequate to meet the

drastically increased technical, economic and eco-

logical demands of new products. For this reason, it

was necessary to improve the surface properties. One

attempt to reach this goal is to cover the surface with a

compound that meets all technical requirements.

Therefore two new techniques, physical vapor

deposition (PVD) and chemical vapor deposition

(CVD) [1, 2, 3] have been developed to provide these

coatings for industry. One of the established coating

technologies in PVD is the vacuum arc source

technique, which splits up into different subtypes,

such as the conventional dc vacuum arc method or the

advanced high current vacuum pulsed arc method. In

our investigation, these two techniques have been

applied to deposit a TiN coating on silicon substrate.

Because of excellent ®lm properties, i.e. extraordinary

hardness, a low coef®cient of friction and chemical

inertness, TiN coatings are successfully applied in

different ®elds of application, such as protection

layer on medical prostheses, coatings for metal tools

or moving parts under extraordinary conditions (e.g.

in guns). In some other ®elds further development of

such layers is still necessary as e.g. satisfactory

coatings to protect the teeth have not been developed

yet.

The aim of this paper is to characterize and to

compare the distribution of the relevant elements

within the TiN layers made with the conventional dc-

arc vacuum arc technique as well as with the new

®ltered high current pulsed arc method.

Experimental

TiN-Sample, made with dc-arc

Between a cathode, covered with the material to be evaporated and
the anode a low voltage, high current vacuum arc discharge is
operated. The arc discharge is concentrated to cathodic spots of a
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few microns in diameter and effectively evaporates the target
material titanium. Because of high energy density, the evaporated
titanium is highly ionized, i.e. in plasma state. This results in
effective reactions with the present nitrogen gas atmosphere. An
unfavorable feature of vacuum arc based deposition technologies is
the emission of macroparticles, originating from cathode spots and
¯ying across the deposition chamber. These so called droplets have
dimensions up to tens of micrometers [4] and can easily hit the
substrate, which increases surface roughness.

TiN Sample, made with �-HCA

To achieve smoother surfaces and higher deposition rates, a new
type of vacuum arc plasma source, the high current pulsed arc
(HCA) was developed [5]. A further improvement of it with
complete separation of the droplets from the plasma is the ®ltered
high current pulsed arc method (�-HCA) [6]. The main steps of
plasma production and deposition on the substrate are the same as
for the conventional dc-arc method. However the major difference
is the use of a pulsed source. This source is arc current, much
stronger due to shorter time, which leads to a more homogeneous
discharge on the cathode and further to a decrease of the emission
probability for droplets. Additionally the �-HCA has a sectioned
®lter unit to remove the last few droplets before they reach the
substrate surface. Hence less than 15 nm of surface roughness can
be achieved with this method.

SIMS Measurement Conditions

SIMS investigations were performed with a strongly modi®ed
CAMECA ims 3f ion microscope [7]. For all measurements an O�2
primary ion beam (primary energy: 5.5 kV, primary ion current:
300 nA) was applied to sputter the samples. The depth resolution
was limited by the sample surface roughness.

In most cases, a direct measurement of nitrogen with mass 14 is
not possible, because of the low sensitivity of 14N. However in our
mass spectrum, we detected a rather strong signal at mass 14. To
support the assumption that the signal is caused by 14N and not by
other ions as 14C or 28Si2�, we moved the primary beam over the
sample surface, beginning at a spot with silicon substrate is present
without any coating. There the mass spectrum showed one peak at
mass 14, which was de®nitely the signal of 28Si2�. Reaching the
area, partly covered with TiN, a second peak at a slightly higher
mass than the ®rst peak appeared. Using the high mass resolution
mode, the mass difference between those two peaks was
determined to be �m � 0:016, which matches to the mass
difference that are calculated with the respective isotope masses.
The only ion 14C, that also causes a signal with a similar mass
difference to 28Si2� in theory, could not be responsible for this
peak, because of the low intensity of its main carbon peak at mass
12. Moving to completely coated areas of the surface, the peak of
28Si2� disappeared, however the other ± veri®ed as 14N signal ±
remained in the mass spectrum.

Depth Measurements

1D- as well as 3D-SIMS depth pro®les actually show the
relationship between intensities and cycles. With the aid of
aluminum and chlorine implantation standards in TiN substrate as
standard samples which are speci®ed later, intensities can be
converted into concentrations. To obtain the desired depth
information in mm, pro®le craters are measured with a Dektak
IIa pro®lometer. Therewith the metric depth per cycle can be

obtained by dividing the crater depth by the number of recorded
cycles.

Results and Discussion

Direct Imaging Mode

To obtain a ®rst impression of the distribution of the

main elements (48Ti, 14N) and some traces (27Al,
35Cl), we recorded images of the surface in direct

imaging mode. Direct imaging mode means that all

points of the sample surface can be simultaneously

imaged on the detector. The main advantage of this

mode is the short measurement time, which allows for

real-time viewing of the surface distribution of a

selected element. However, the maximum lateral

resolution in this mode is 1 mm.

The SIMS images for all masses mentioned above

are homogeneous for both samples, although the

surface of the TiN ®lm obtained with dc vacuum

technology shows surface contamination caused by

accumulated droplets. These droplets are visible on a

respective electron microprobe image (see Fig. 1).

Therefore, it can be concluded that no remarkable

stoichiometric difference exists between the droplets

on the surface and other surface parts.

1D-Depth Pro®le

To obtain a 1D-depth pro®le, it is necessary to raster

the ®nely focused primary beam over a square of a

common size of about 150mm. The measurement

itself takes place in the middle of the square in order

to reduce the crater edge effects.

Fig. 1. Electron microprobe image (secondary electrons; 20 kV) of
the dc-arc TiN layer. The remarkable mm-wide craters are caused
by macroparticle impacts (droplets), originating from cathode
spots that ¯y across the deposition chamber
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In order to obtain representative depth information,

we chose three different spots on each sample, where

we recorded a 1D-depth pro®le. The two 1D-depth

pro®les of each sample show the same result and that

supports the assumption that the TiN layer is

homogeneous in the horizontal direction. For 1D-

depth pro®les, we recorded the signals for the masses
14N, 27Al, 35Cl and 48Ti, which have been found in a

mass spectrum before. Additionally we added the

signals for the masses 28Si, 29Si and 30Si to determine

the interface area between TiN layer and silicon

substrate. The signals for the two less abundant

Fig. 2. SIMS 1D-depth pro®le of a 1.8 mm thick TiN layer on silicon substrate, made with the dc-arc method (primary ions O�2 , primary
current: 300 nA): (a) N, Al, Si, Cl and Ti signals in counts/s; (b) Al and Cl, in at%
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isotopes of silicon ± 29Si and 30Si ± have been added

to be sure that the signal at mass 28 is really 28Si and

not a doubly charged iron ion 28Fe2�. As expected, the

parallel slope of the signals for these masses in the

interface veri®es the mass 28 to be silicon. Inside the

TiN layer, the signal at mass 30 results from 14N16O,

however, in the silicon substrate from 30Si.

Looking at the interface of both 1D-depth pro®les

(see Fig. 2a, 3a), signi®cant differences can be seen.

The interface section is the area where the silicon

Fig. 3. SIMS 1D-depth pro®le of a 400 nm thick TiN layer on silicon substrate, made with the pulsed high current vacuum arc method
(primary ions O�2 , primary current: 300 nA): (a) N, Al, Si, Cl and Ti signals in counts/s; (b) Al and Cl in at%
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signal changes. Whereas the dc-arc produced TiN layer

shows a rather wide interface of about 600 nm, which

will be indicated by the increase of the signal for 28Si

together with the 29Si signal, the TiN layer produced

with the new ®ltered high current pulsed arc (�-HCA)

shows a distinctly narrower interface of only about

60 nm. This means that the contamination with silicon

atoms reaches 10 times deeper inside the TiN layer of

the dc-arc produced TiN layer than inside the other.

This effect can be explained by droplet formation

during dc-arc deposition [4]. These droplets with sizes

of tens of micrometers partly dig into the silicon

substrate and roughen the surface which was ¯at

before. Further, the 1D-depth pro®le of the dc-arc

sample (see Fig. 2a) shows an homogeneous progress

of all elements inside the TiN layer, which means that

in vertical direction the concentrations of all investi-

gated elements are constant. However, the 1D-depth

pro®le of the TiN layer produced with the new ®ltered

high current pulsed arc method (see Figure 3a)

indicates slight inhomogeneities of aluminum and

chlorine in the vertical direction. To be sure about the

signi®cance of these traces, quantitative investigations

had been carried out.

SIMS-Quanti®cation with Reference

Quantitative analyses for Al and Cl were carried out

with a non-homogeneous ion implantation standard.
27Al, at a dose of 5.10�15 at/cm2 and 35Cl, at a dose of

3.10�15 at/cm2 were implanted with an energy of

300 keV into TiN layers on silicon. From the

measured depth pro®le of the respective standard,

the RSF for Al as well as for Cl regarding titanium

(48Ti) as reference mass was calculated:

RSF � fref � cref � � � NA � d
fel � QT �M � Cyc

�
XCyc

i�1

Iel�i�
Iref�i�

fref isotope abundance of the reference

cref concentration of the reference [at/at]

� matrix density [g/cm3]

NA Avogadro's number (� 6:022� 1023)

d depth of the crater [cm]

fel isotope abundance of the element

QT implanted dose of the element [at/cm2]

M molecular mass of the matrix

Cyc number of measured cycles

Iel�i� signal intensity for the element [counts/s] of

cycle i

Iref�i� signal intensity for the reference [counts/s]

of cycle i

With these two sensitivity factors we were able to

quantify the respective concentrations of our samples.

The content of aluminum inside the dc-arc TiN

layer is about 0,05 at%, whereas the content inside the

�-HCA TiN layer is about 0,15 at% (see Figure 2b

and 3b). Nevertheless, both aluminum contents are

very small indeed. Similar to aluminum, the content

of chlorine inside the �-HCA TiN layer is higher than

the content inside the dc-arc TiN layer. The dc-arc

TiN layer shows a homogeneous chlorine distribution

with a calculated content of about 0,0005 at%.

Because of much higher concentrations of Cl inside

the Cl standard, the calculated content is not very

accurate but it certainly is at this order of magnitude.

However, �-HCA TiN shows a smaller maximum for

chlorine at about 25 nm depth and an obvious local

maximum of chlorine at about 130 nm depth. The

major peak corresponds with a maximum chlorine

concentration of about 0,08 at%, whereas the chlorine

concentration of this sample decreases by approxi-

mately two orders of magnitude in deeper zones. The

reason for the higher chlorine concentrations in �-

HCA TiN layers might lie in the substrate cleaning

process performed with acetone, but this has not been

completely investigated yet. Nevertheless, these low

concentrations of aluminum and chlorine ± not only in

dc-arc TiN but also in �-HCA TiN ± are probably not

suf®cient to induce property changes of TiN layers, at

least no in¯uences have been found yet.

3D-Depth Pro®le

Although we have recorded 1D-depth pro®les of

the TiN layer produced with the new ®ltered high

current pulsed arc method at three different locations

with the same result, we wanted to be sure not to

measure particular inhomogeneities. Therefore, we also

recorded a 3D-depth pro®le of this layer to directly

visualize the horizontal distribution of chlorine

around the peak maximum at about 13 nm depth.

The observed surface area was 300� 300mm.

During a 3D-depth pro®le recording, secondary ion

images of the surface as obtained in the direct imaging

mode, are registered using a CCD camera system in

combination with a double micro-channel-plate-phos-

phor screen assembly. The higher the channel-plate

high voltage (cphv), the higher the intensity of the

channel-plate signal. To avoid destruction of the
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channel-plate by too high intensities, it is necessary to

monitor the channel-plate signal intensity automati-

cally. If the intensity reaches a critical value, the cphv

will be lowered immediately. On the other hand, if

intensities are very low, the system automatically

increases the cphv so as to increase the channel-plate

intensity. Consequently, the channel-plate provides

an image, which uses the full dynamic illumination

range independent of the secondary ion intensity. The

camera signal is then digitized by an ITI 151 image-

processor and stored on the hard disc by the

controlling computer.

Data sets for 3D-depth pro®les are composed of

single images recorded in the direct imaging mode.

The single image data are imported and put together

into one big matrix using a self-written C��
computer program called `̀ Visualizer''. This program

visualizes the 3D data set in different ways, e.g. as

block or in an isosurface representation. To obtain

information about the horizontal distribution of

chlorine enrichments seen in the respective 1D-depth

pro®le (see Fig. 3), we selected 2 different horizontal

cutting planes straight through the smaller and larger

chlorine maximum at 25 nm and 130 nm. Addition-

ally, two 3D-depth pro®les with cutting planes around

the chlorine maximum at 130 nm complete the

assumption of a homogeneous lateral distribution of

chlorine independent of the depth (see Fig. 4a±d).

Therefore, local chlorine contamination can be

excluded.

Fig. 4. SIMS 3D-depth pro®les for 35Cl of a 400 nm thick TiN layer on silicon substrate, made with the pulsed high current vacuum arc
method (primary ions O�2 , primary current: 300 nA, area 300� 300 mm): (a) 25 nm depth: (b) 70 nm depth; (c) 130 nm depth; (d) 160 nm
depth
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Conclusion

Despite the rougher surface of the dc-arc produced

TiN layer, due to accumulated droplets, there is no

evidence of differences in the stoichiometric compo-

sition of Ti and N on the surface. Due to droplet

formation, the interface of the dc-arc produced TiN

layer (600 nm) is 10 times wider than the one of the

layer made with the new ®ltered high current pulsed

arc method (60 nm). Furthermore, the TiN layer made

by the new ®ltered high current pulsed arc method

shows an inhomogeneous distribution of aluminum

and chlorine in the vertical direction, but the dc-arc

sample is homogeneous. While the aluminum con-

centration inside the dc-arc TiN layer is about 0,05

at%, inside the �-HCA TiN layer it is 0,15 at%. The

dc-arc TiN layer shows a homogeneous chlorine

distribution with a content of about 0,0005 at%,

whereas the �-HCA TiN layer shows an obvious

vertical local maximum of chlorine at about 130 nm

depth, which corresponds to a chlorine concentration

of about 0,08 at%. Further, the chlorine concentration

decreases to 0,003 at% in deeper zones. 3D-SIMS

depth pro®ling shows a homogeneous distribution of

chlorine in the horizontal direction also around the

depth of the vertical local maximum at 130 nm. That

means, that there is a chlorine enriched layer inside �-

HCA TiN. Nevertheless, the chlorine concentrations

of all investigated samples are probably not suf®cient

to induce property changes of TiN layers.
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