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TiN/SiN, nanocomposite layers with Si contents between 0 and 25 at.% were deposited by a
reactive arc-magnetron sputtering hybrid process. The stoichiometry of the&iNe was found to

be related to the silicon sputter target state, i.e., elemental or nitrided. TiNK8ibrs with a Si:N

ratio close to 0.7%silicon nitride show a hardness maximum at overall Si contents between 5 and

7 at.%. The hardness maximum is absent for nitrogen deficient stoichiometries of B
oxidation resistance of the composite layers is three to five times better than that of pure TiN. In
contrast to the effect of the stoichiometry on hardness, the oxidation resistance depends on the
overall silicon content only, regardless of stoichiometry. 2604 American Vacuum Society.
[DOI: 10.1116/1.1763907

[. INTRODUCTION and sputtering of silicon have been successfully combined in

hybrid processes for the deposition of TiN/SINY and
Nanocomposite materials like TiN/SiNshow properties  (Tj Al)N/SIN, . 1512

which are a direct consequence of their nanostructure. Owing An often experienced difficulty in reactive sputtering of
to the limited miscibility of TiN and Sily,* the microstruc-  jnsulating materials is the formation of compounds on the
ture of the TiN/Sily compound is characterized by nanocrys-syrface of the sputter target. The phenomenon is usually re-
talline TiN grains with sizes between 5 and 20 nm which areferred to as target poisoning and lowers the deposition rates
embedded in a matrix of amorphous SiR® Such nanocom-  for two reasons(i) compounds usually have higher binding
posite materials show increased hardness compared to tléﬁergies and thus lower sputtering yields per impinging ion;
constituent compounds because for small grain size the depq (i) compounds have higher secondary electron yields
formation mechanism is governed by grain boundary slidingyhich consume much of the energy for electron emission
rather than dislocation movementHardness values ap- instead of the preferred sputtering of matetiahlso, target
proaching that of diamond have been reported for theysisoning is not desirable because of unstable operation and
TiN/SiN, systent' The addition of SiN also results in an arcing.

improved oxidation resistance compared to pure Tfgoth In this investigation we studied the influence of the target
effects make these materials interesting for advanced protegtate on the stoichiometry of TiN/SiNcomposite coatings
tiVe CoatingS because hardneSS and OXidation reSiStance %’R)\Nn by an arc-magnetron hyb”d process and hOW the sto-

equally important for wear resistance and result in a projchjometry of the Sily phase influences the properties of the
longed lifetime of coated tools. composite material.

Composite layers of TiN/SijNhave been grown by vari-
ous methods like plasma assisted chemical vapor deposition
(PACVD)?* and reactive magnetron sputteriigFor indus-  Il. EXPERIMENT

trial applications, however, the deposition by cathodic arc TiN/SIN, layers were deposited in a cylindrical vacuum

e_vapora_tion has several advan_tage_s; itis a robust_ pr_oce_ss1C|I|amber which is pumped by a turbomolecular pu@po
yields high growth rates, and its high degree of ionizationy) ‘the pase pressure of the system is in the low*Fa
allows one to control the energy of impinging ions by the ooy silicon is sputtered in dc mode from an unbalanced
application of a bias voltage. Unfortuna_tely, s_|I|con cannot b%agnetron(UBM) sputtering source. The target size is
evaporated by arc processes due to its brittleness and Iogg3><304 mn?, for better conductivity it consists of boron-

electric conductivity. Sputter processes are more suitable fo(ﬁoped polycrystalline Silicon bonded to the cooling plate of
the deposition of silicon. Recently, arc deposition of titaniumthe magnetron. Titanium is eroded from a cylindrical arc

5 _ _ ~ source with a diameter of 64 mm mounted at an angle of 90°
Present address: Department of Materials Science, KLO, University O(Nith respect to the silicon target. In all experiments described
Erlangen, D-91058 Erlangen, Germany. ’

YAuthor to whom correspondence should be addressed; electronic mair:.]ere the arc Curr?.nt was kept constant at 50 A for the dura-
joerg.patscheider@empa.ch tion of the deposition.
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The sputter gas supply is controlled by mass flow control-TAeLE I. Deposition parameters of the two sample sets.
lers. The inlet for nitrogen is mou_ntet_ll cIorse to the arc targe_t, (SN, /(S Substrate Total flux of
argon is supplied through a distributing ring around the s.|I|- (from XPS position N, [scem®
con sputter target in order to control the nitrogen pmsonmgi‘é

. . <0. <
of the target. A similar geometry for separate supplies o “e?eiq‘emal,, rp(:g'tf;sry 20
nitrogen and argon has previously been repoHeBuring Set 2 0.6-0.8, Stationary in front 20-24
the growth the pressure was typically between 0.45 and 0.65 “nitrided” of Si target

Pa. Target poisoning was identified by a drop in target volt
age at constant output power.

The layers were grown onto (300 substrates mounted
on a substrate holder with planetary rotation. When the sili{ll. RESULTS AND DISCUSSION

8-10 sccm N are consumed by the Ti arc sour@ee the text

silicon target at maintained total deposition rate was choseiyqqen/argon mixture, silicon was sputtered from either an
The deposition time v&l h for all samples presented in this gjemental or a nitrided target surface. In the following these
investigation, the layer thickness varies within 1.5 andtWO conditions will be referred to as “set 1'elemental tar-
2.0 pm. geb and “set 2" (nitrided targe), the deposition conditions
Before each deposition the temperature in the reactor Was tne two sets are summarized in Table |. owing to its
raised to 200 °C by radiation heaters. During the growth ofigher reactivity, the titanium arc target was in nitrided state
the layer it increased to about 300 °C by additional heating ofjnger both conditions except for extremely nitrogen-depleted
the plasma process. The substrates were electrically bias@dses which are not considered here.
with —500 V during the first 2 min for the deposition of a Ti  Figure 1 shows the current—voltage characteristics of the
sticking layer in pure argon atmosphere. Then, nitrogen wasj magnetron target alone, i.e., without the operation of the
added and the bias was changed to the desired value for thgc source. With increasing nitrogen partial pressure the
layer deposition, either-100 or —200 V. slopes of the characteristics become steeper, a given target
The compositions of the layers and the chemical states ofoltage results in increasingly higher discharge currents due
the constituent elements were measured with x-ray photao the enhanced excitation of secondary electrons from the
electron spectroscopyXPS) using a Shirley background nitrided surface. The close relationship between target volt-
subtraction. The crystallographic orientation of the layersage and poisoning state of the target surface is well docu-
was investigated with x-ray diffractiofXRD) in 6-26 con-  mented and has also been successfully employed for the con-
figuration. The full width at half maximuniFWHM) of the  trol of reactive sputter processks.’
(200 reflex was used for the determination of the crystallite Owing to the high pumping speed, the hysteresis effects
size according to the Scherrer formula. Wherever possiblebserved in Fig. 1 are rather weak. Regions of negative dif-
the second-order reflex was used to separate the effects fefrential resistance as, for example, reported for the reactive
grain size and stress on the broadening by an analysis adeposition of aluminum nitrid& or silicon oxide!® were not
cording to Williamson and Halt>!® Hardness and Young’s
modulus of the layers were measured by nanoindentation

with a Berkovich indenter and evaluated according to the ' ' ' —:‘—:g sccm
—— sccm

procedure of Oliver and Pharr. Care was taken to restrict the 25} —A— 16 scom |
evaluation to indentation depths less than 10% of the layer nitrided —v—18 sccm
thickness in order to avoid influences of the substrate. Theg [ . cet1 |
=) o (12kw)

L

presence of droplets due to the arc process results in somg oo
scattering of the hardness and elastic data. The presente§
values are the averages of 15 to 20 indentation measure§
ments, the shown error bars represent the correspondine
standard deviations. The oxidation resistance of the TiN/SIN a
layers was investigated by measuring the thickness of the /.
. . L)
oxide layer after annealing at temperatures between 700 an — / \"eme"‘a'
800 °C. This temperature range represents a compromise be 1.9 l—=—""01 - L L
tween low oxidation rates of TiN/SiNoelow 600 °C and too 525 950 575 600
fast oxidation rates for Si-free TiN. The thickness of the Target voltage [V]
oxide cap was measured either by XPS sputter profiling irFe. 1. Hysteresis curves of the silicon target at different fluxes of nitrogen.
case of thin |ayers or by grinding of a spherical calotte forThe total pressure was kept between 0.61 and 0.66 Pa. Increasing and de-
thicker |ayers Oxide |ayers between 400 and 700 nm wer reasing target voltages result in the upper and lower branches, respectively
iy . . %dashed arrows The discharge parameters for typical samples of set 1 and
measured with both meth0d5= the th'CkneSS. values of thesg: 2 are included. The Si content of samples of the shown processes is
films were used to calibrate the sputter profiles. approximately the same at 8 at. %.
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Si0, SiN, si with and without arc source. Conversely, if a certain compo-
' ' i ' 2 N ; T sition is desired, it is necessary to meet the required target
\\ set conditions by adjusting the nitrogen flux. The actual value of

the nitrogen flux is only of secondary importance. For ex-
ample, in the hybrid process a typical arc current of 50 A
results in a nitrogen consumption corresponding to nitrogen
fluxes between 8 and 10 sccm. Accordingly, the total nitro-
gen flux during the hybrid process had to be increased to 18
or 20 sccm.
«./ cot 1 Also, vyhen there are phases of unstable arc operati.o'n like
/ the warming up phase at the beginning of each deposition or
V] during times of retriggering, there are noticeable changes in
e " L ' T B . . the nitrogen partial pressure. Such changes are observed to
n2ToT0 108 06 04 q0z 100 %8 %5 M immediately alter the current—voltage characteristic of the
Binding energy [eV] silicon target. Due to the constant power control mode during
Fic. 2. XPS spectra of the Si2binding energy for typical samples of set 1 the deposition, the readings of discharge curignand tar-
(bottom), set 2(top), and intermediate conditior(sniddle). The spectra are  get voltageV are then located on branches of hyperbolas

dominated by contributions of elemental Si at 99.6 eV, silicon nitride and(| , X V=P =const) as displayed in Fig. 1 fe*equal to 1.1
101.7 eV, and a shoulder due to silicon oxide at 103.5 eV. and 1.2 kW.

|
:

/\/f intermediate

Intensity [a.u.]
MALMMAMAMMAMEMSI AR LIS MM SHLE B8 BE S8 RE RE BN

Figures 1 and 2 illustrate that the formation and the sto-
ichiometry of SiN, in the composite layer critically depend
observed. Thus, in the absence of unstable switching besn the state of the silicon target. It appears that the nitridation
tween elemental and poisoned state of operation the targef silicon is only achieved via the formation of silicon nitride
voltage turned out to be a useful gauge for assessing then the surface of the sputter target and subsequent sputtering
nitridation state of the target. of the compound.
A second potential reaction path for the formation of SiN
would be sputtering of elemental silicon and reaction with
Figure 1 includes discharge parameters of the Si targatitrogen on the sample surface. The acceleration of positive
which were recorded during typical depositions. The variaions in the field of the biased sample should be sufficient to
tions in voltage and current reflect systematic changes in theesult in impact dissociation and the production of reactive
process characteristics like the warming up of targets, tematomic nitrogen’-_3 However, a variation of the sample bias
porary instabilities due to retriggering of the arc, etc. Figurevoltage between-25 and—250 V at constant silicon sput-
1 illustrates that for set 1 the discharge parameter correspondring conditions did not show any significant influence on
to a target state with little nitridation. In contrast, for set 2 the stoichiometry of Sil\. Higher bias voltages are not prac-
lower target voltages and higher discharge currents indicatgcal for arc-magnetron hybrid processes because resputtering
discharge conditions of a nitrided target. The Bighoto-  of silicon by accelerated titanium ions has been reported to
electron spectra of three illustrative samples are shown ifower the silicon content in the laye?s°
Fig. 2. The spectra are dominated by two main contributions Finally, the possibility of reactions in the plasma should
at 99.6 and 101.7 eV, and a small contribution at 103.5 eVbe considered. The target—substrate distance in the configu-
These binding energies are identified with elemental Si, siliration with planetary rotation varies between 5 and 25 cm.
con nitride, and silicon oxide, respectively. The presence offhe mean free path for elastic collisions between argon and
elemental silicon is surprising since the formation of tita- nitrogen is estimated to be about 2 cm. lonization or disso-
nium silicide would seem more likely and has been reportectiation of N, by collisions or electron impact requires thresh-
in case of TiN/SIN nanocomposites grown by plasma old energies of at least 9.7 eV, the dissociation energy of
CVD.?° However, the corresponding shift of the $ipeak nitrogen. This value is above the mean electron energies
in the range from 0.4 to 0.6 eV with respect to elemental Sivhich are around 5 eV or le€8Also, cross sections of ion-
at 99.6 eV**is not observed in Fig. 2. izing and dissociative collisions are about one order of mag-
We conclude that the chemical state of the silicon presentitude lower than those of elastic collisiofisThus, disso-
in the TiN/SIN, composites reflects the state of the siliconciation of nitrogen in regions other than the cathode sheath
target; samples of set 1 are sputtered from a predominantlyf the silicon target or the vicinity of the arc source and
elemental target surface and contain silicon predominantly igubstrate seem unlikely for this chamber geometry and the
elemental form. Similarly, samples of set 2 contain predomichosen pressure.
nantly silicon nitride because they are sputtered from the
nitrided target. Thus, a correlation between the target statg Structural characterization of the TiN
(i.e., elemental or nitridedand the ratio of elemental silicon ~
to silicon nitride in the composite layer is observed despite The structural properties of the TiN/SjNayers were in-
the fact that the discharge characteristics of the sputteringestigated by x-ray diffration id—26 mode. Figure 3 shows
target may be quite different when the Si target is operatethat layers of pure TiN and TiN/SiNcomposites with low Si

A. Stoichiometry of the SIN , matrix

ISIN, layers
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Fic. 3. Dependence of texturgop) and grain size(botton) of the TiN Fic. 4. Hardnesstop) and Young’s modulugbottom) of TiN/SiN, compos-
crystallites in the Sil matrix. Open symbols denote layers where silicon ite layers in dependence of the Si content. Open symbols denote values
has been sputtered from the elemental targmt 1), closed symbols measured on set 1, closed symbols represent samples of set 2. The high-
correspond to layers of set 2 where silicon is predominantly in the nitridelighted hardness values at 8 at. % correspond to the three samples shown in
binding. Fig. 2.

contents are predominantly textured in ttiell) direction. —and Young's modulus scatter from 30 to 35 GPa and from
For higher Si contents the texture changeg200). It ap- 400 to 450 GPa, respectively. The reported hardness values
pears that for the sputtering from the nitrided targasit 2 of TiN layers grown by arc PVband other methods are in
the transition between the two preferred textures takes pladge range from 25 to 27 GPa. Values for the Young's modu-
at higher Si contents but the data scatter considerabljtis vary between 350 GPand 480 GP4.
Changes of the texture fro11) to (200 with increasing Si With increasing Si content in the layer the hardness of the
content have been reported for TiN/SiMyers deposited by samples of set lelemental silicon targgtiecreases. For the
arc-magnetron hybrid proces$é$and were also observed Young's modulus a very similar decrease is observed. For the
for other deposition processes like PACYnd UBM samples of set tnitrided silicon targetthe behavior is quite
sputtering? different. For Si contents between 5 and 7 at. % there is a
The average size of the TiN crystallites in TiN/SiMdyers ~ hardness maximum around 40 GPa. Toward higher Si con-
has been determined from th@00) reflection which is tents the hardness decreases and approaches the value of
present in all diffractograms. Figure 3 shows the dependencgizsN4 at 23 GPa. The behavior is indicative of hardening due
of the grain size as obtained by application of the Scherrefo the formation of a nanocrystalline/amorphous composite
formula to the FWHM data, assuming a structure fa¢tor material which is distinguished by three regiofig:for low
equal to 1. The grain size is reduced from about 20 nm ircontents of the amorphous phase (Jithe hardness is simi-
layers of pure TiN to values between 5 and 10 nm for highefar to the bulk value of the first phas&iN) because defor-
silicon contents. Again, the transition between the two redmations proceed via dislocation movement in large grains,
gions is shifted toward higher silicon contents when siliconsimilar to bulk material.(ii) For a content of the second
is sputtered from the nitrided targetet 2. Compared to the phase where all grains are fully percolated, dislocation
results evaluated according to the Scherrer formula, the renovement within the TiN grains is precluded, deformations
sults of the Williamson—Hall analysis yield grain sizes thatare only possible by grain boundary sliding with a corre-
are about twice as large. The remaining part of the reflexsponding increase of hardnegsi) For higher contents of
broadening is attributed to tensile stress perpendicular to th&@e amorphous phase the hardness is governed by the defor-
substrate as determined by XRD. This is in fact a result ofmation mechanism of the amorphous phase affne.
compressive stress parallel to the substrate surface. Using the The Young's modulus of set 2 decreases monotonically
values of Young’s modulus from the indentation measurefrom 450 to 280 GPa for a Si content of 25 at. %. The ab-
ments, an average stress on the order of 2 GPa is estimate&gnce of an increase at the position of the hardness maximum
Due to substrate effects the values of the Young’s modulu§learly rules out stress hardening, rather it supports the find-
are often underestimated, thus, the stress in the investigaté@d of a hardening mechanism due to nanostructure effects,

layers could be higher, even up to reported values betweenig., small grain size in combination with full percolation of
and 5 GP&:%% the grains in an amorphous matrix. This important finding is

corroborated by the x-ray diffraction analysis of Sec. IlIB
where stresses in the order of 2 GPa were found which are
independent of the Si conteftt.

Hardness and Young’s modulus of the two sample sets are The three samples which are highlighted in Fig. 4 under-
presented in Fig. 4. For Si contents below 1 at. % hardnedie that next to grain size and percolation the correct sto-

C. Mechanical properties of the TiN /SiN, layers
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el oo ' ' ' ' ' ' ] Si;N, layer, the oxidation proceeds with an apparent activa-

Y tion energy of 43 kJ/mol. At higher temperatures a second

§ 10k ‘.“ 4 oxidation mechanism is reported where titanium is thought

P e N c e ;gg:g to diffuse to the interface and subsequently form JfOThis
2 o8f \ o A A 800°C . mechanism shows higher activation energies between 200
-E - and 300 kJ/mol, depending on the microstructure of the
5 06F / T 1 layer. This second mechanism is reported to be operative in
g B the whole investigated temperature range for a layer with a
g ™ o i lower silicon content of 5 at. % and also for pure TiN.

o .l ‘\°\\:€: ______ o | The oxidation experiments shown in Fig. 5 were per-

20 sl o 1%':-:-:-:-;:-; e > formed for silicon contents lower than 8 at.% and only at
0ok @ B Y three different temperatures. As far as the determination is

meaningful from the available data, the activation energies
vary between 150 and 280 kJ/mol suggesting an oxidation
mechanism which is governed by the diffusion of titanium to
Fic. 5. Thickness of the Ti@layer on top of the TiN/Sillcomposite layer  the interface rather than the diffusion of oxygen into the
after annealing for 10 min in air. The oxidation resistance is improved by ak,;‘yer. This conclusion is corroborated by the finding that the

factor of 3—5 for Si contents exceeding 2 at. %. Closed symbols correspond ~. . L. fth aXbichi .
to measurements of set 1, open symbols denote results from set 2. Except 19?('dat'on process Is mdependent of the Sétbichiometry in

one incidence(arrow) the stoichiometry does not show any influence on the Iayer.
oxidation resistance.

Si content [at%]

IV. CONCLUSIONS

ichiometry of the SiN phase emerges as the third prerequi- We have prepared TiN/Si\hanocomposite layers with a
site for improved hardness in TiN/SjN Figures 2 and 3 hybrid process that combines arc evaporation and magnetron
show that within measurement accuracy these samples hagguttering. By choosing appropriate nitridation conditions of
the same grain sizes and Si contents but the contribution d¢he silicon sputter target it is possible to control the stoichi-
Si3N4 to the Si signa| is most pronounced in the Samp|eometry of the silicon nitride phase in the Iayer. Hardness
belonging to set Znitrided targe), which is also the sample measurements showed that a hardness increase typical for
with the highest hardness. The hardness increase is attributé@nocomposites is only found in case of a sufficiently ni-
to a better cross linking and therefore stronger bonding in th&fided SiN, phase. For poor nitridation the hardness increase
silicon-nitrogen network. If silicon is not sufficiently nitrided IS absent. Compared to pure TiN the oxidation resistance of
the hardness increase is absent and the hardness of the cdfe composite material is improved by a factor of 3—-5 for
posite material exhibits the behavior that is expected for &ilicon contents exceeding 2 at. %. In contrast to the hard-
mixture of TiN with a material softer than $,, e.g., tita-  Ness, the oxidation resistance depends only on the absolute
nium silicide (8.5 GP&%?9 or silicon (between 10 and Si content and not its nitridation state. The oxidation behav-
13 GP&Y). ior can be explained within existing oxidation models.
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