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Abstract: The amorphous/ polycrystalline Si3zN4/ CrN nano structured multilayer films have been prepared by radio fre
quency ( RF) reactive magnetron sputtering. The composition, microstructure and mechanical properties of these films
were characterized by X-ray photoelectron spectroscopy (XPS), X-ray diffraction ( XRD), highresolution transmission
electron microscopy (HRTEM) and nano indentation. The CrN and SizNy4 single layer films are polycrystalline face cen-
tered cubic and amorphous structures, respectively. The CrN and Si3N4 layers are nearly stoichiometric. The HRTEM
image indicates that the interfaces are planar and modulation structure is clear in multilayers. The hardness values of
Si3N4/ CrN multilayers are between those of the constituent CrN and Si3N4 films at a substrate temperature of 20 C, and
are somew hat higher than those of Si3N4 films at a deposition temperature of 500 C. There is no superhardness effect in
the Si3N4/ CrN multilayers. Based on the experimental results, the hardening mechanisms in the multilayers have been
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discussed.
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1 INTRODUCTION

In recent years, ceramic superhardness composi-
tionally-modulated multilayer films have been actively
investigated'"®'. The research results show that mul-
tilayers can combine the properties of the constituent
materials and have more excellent properties than
those of the single-layer film. A large number of in-
ternal interfaces which are parallel to the substrate
surface can retard crack propagation and provide bar-
riers to dislocation movement. Multilayers with opti
mized interface areas seem to be most promising with
respect to an optimum hardnessto-toughness ra
tiol * 141,

TiN films deposited by physical vapor deposition
(PVD) or chemical vapor deposition ( CVD) have
found widespread applications in wear resistant situa-
tions such as cutting tools or machine parts because of
their high hardness, chemical inertness and high tem-
perature stability. However an increasing attention is
focused on other metal nitrides grown by PVD pro-
cesses beside the investigation of TiN-based films,
during recent years, such as CrN and SisN4" "
Because of the excellent mechanical and tribological
properties for specific applications of CrN and SizN4
single-layer films, a new kind of SizsN4/ CrN nano-
multilayers has been prepared by reactive magnetron
sputtering process. In this paper, the effects of mod-
ulation periods, modulation ratio and deposition tem-
perature on microhardness have been investigated.
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2 EXPERIMENTAL

CrN and Si3Ny single-layer films and SizN4/ CrN
multilayer films with different modulation periods
were prepared using a radio frequency ( RF) mag-
netron sputtering setup. The sputtering targets were
3inch single crystal silicon (99.999 999 9%) and
pure metal Cr(99. 99%). The boron-doped Si( 100)
wafers used as substrates were first ultrasonically
cleaned in acetone, then dipped in a 2% HF solution
for 1 min and pure water for 10 min. After drying
with dried gas, the sample was mounted on the sam-
ple holder and transferred to the sputtering chamber.
The sputtering chamber was then evacuated to the
routinely achieved base pressure of 5. 0 x 10” ® Pa.
High-purity argon and nitrogen gases were introduced
into the chamber from mass flow controllers. The
working pressure was 2. 1 x 10" ' Pa with argon and
nitrogen gas flows of 4 scem and 2 scem. Multilayers
were deposited by alternately opening the Si and Cr
target shutters, in order to expose the substrate to the
plasma from the Cr or Si target. The layer thickness
was controlled by both the opening time of the shut-
ters and the target power levels. During deposition,
the substrate was rotated to achieve uniform film
thickness. The target power was 100 W for Cr and
220 W for Si, and both the deposition rate of CrN
and SizN4 were about 0. 80 nm/ min. The substrate
was heated to a tempera ture, which was according
to the design parameters. The nominal total thickness
of the single layer-films and multilayers was 0. 3 Hm
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to 1.0 Hm, respectively.

The X-ray photoelectron spectroscopy ( XPS)
measurement was carried out by an ESCALAB
220iXL ( VG Scientific) type spectrometer, and the
monochromatic X-ray source (Al Kq) was used. The
crystal structure of the single-layer films and multi-
layer films was determined with a RAD-C X-ray
diffractometer using Cu K, radiation, operated at 40
kV and 35 mA. The glancing incidence angle was 1°
and the scanning speed was 0. 5°/min. The mr
crostructures of these multilayers were characterized
by cross section high-resolution transmission electron
microscopy (HRTEM) using a JEM-3000F operation
at an accelerating voltage of 300 kV. The hardness of
multilayer films was measured by using ENT-1100a
nanoindentation hardness tester.

3 RESULTS AND DISCUSSION

3.1 XPS and XRD analysis
Fig. 1 and Fig. 2 show the XPS spectra of N 1s
and Cr 2p of CrN films and N 1s and Si 2p of SizsN4

films, respectively. Argon beam sputterine was
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Fig.1 Cr 2p(a) and N 1s(b) XPS
spectra of CrN films
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Fig.2 Si2p(a) and N 1s(b) XPS spectra
of SizN4 films

conducted in order to clean the surface of specimens.
It is indicated that there is no detectable free nitrogen
(N2), pure Si and metal Cr present in the films. This
means that the films are only composed of SizN4 or
CrN phases. The mean atomic ratio nn/ nce of CrN
films and nn/ ns; of SizsNg4 films, determined from
corresponding N 1 s and Cr 2p or Si 2p core level in-
tensities after the surface layer contamination is re-
moved by sputtering, are approximately 0. 83 and 1.
3, which are close to the values of stoichiometric CrN
and SizNy4 films.

Fig. 3 shows the X-ray diffraction spectra of sin-
gle layer CrN films with N, and Ar gas flows of 2 sc
cm and 4 scem, respectively. The CrN (B1 NaCl
structure) phase is observed and the lattice constant is
0.419 2 nm. The XRD spectra of SizsN4 single layer
films reveal amorphous Si3N4 films. The XRD spectra
of Si3N4/ CrN multilayers( Fig. 4) with different mod-
ulation periods show that the crystal growth of CrN is
interrupted by amorphous SisN4 films at smaller mod-
ulation periods, leading to the nanocrystalline CrN
films( it can be found in Fig. 5 and Fig. 6).  With

increasing modulation period, the intensity of main
peaks of CrN
fulkwidth  at

increases and the

half maximum  decreases. This
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Fig. 3 X-ray diffraction pattern of single layer

CrN films with a deposition temperature of 20 C,
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Fig.4 XRD patterns of SizN4/ CrN multilayers at
different modulation periods

means that the grain size of CrN in the multilayers in-
creases with the increase of CrN layer thickness. The
face-centered cubic CrN phase with texture (200) can
be observed at larger modulation periods.

3.2 TEM analysis

The bright-field TEM micrograph and electron
diffraction patterns of cross sectional SizN4/ CrN mul-
tilayers with a modulation period of 40. 0 nm are
shown in Fig. 5. The TEM image indicates that the
interfaces are planar and modulation structure is clear
in multilayers. The CrN layers appear darker and
Si3Ny layers are brighter because of their different av-
erage atomic numbers. The modulation ratio mea
sured from the image is about l5i3N4/ leen= 1010 Inm-

dexing of Fig. 5(b) shows the multilayers are of face
centered-cubic (fec) crystal structure.

Fig. 6 gives a high-resolution transmission elec
tron microscopy photograph of SisN4/ CrN multilayers
with a modulation period of 10. 0 nm. It shows that
the CrN layers are nanopolycrystalline and the SizsN4
layers are amorphous.

Fig. 5 Bright-field TEM micrograph(a) and
electron diffraction patterns(b) of crosssectional

Si3N4/ CrN multilayers with modulation
period of 40. 0 nm

Fig. 6 HRTEM image of SizsN4/ CrN

multilayers deposited at substrate temperature of

20 'C with modulation period of 10. 0 nm and
modulation ratio ( l5i3N4/ lew) of 1

3.3 Microhardness of films
Fig. 7 shows the hardness of Si3sN4/ CrN multi
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layers as a function of the modulation period. The
hardness values of the SisN4/ CrN multilayers are be-
tween those of constituent monolithic CrN and SizNg4
films with deposition temperature of 20 C. The
hardness values of the multilayers are somew hat high-
er than those calculated from the rule of mixture, but
never reach that of the Si3zN4 monolithic films. How-
ever, the hardness values of the SisN4/ CrN multilay-
ers with modulation ratio ( l5i3N4/ len) of 101 and 30
1 deposited at 500 C are slightly higher than those of
monolithic SizN4 films. The modulation ratio does not

affect the hardness. The superhardness effect is not
present in this system.
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Fig. 7 Hardness of SizN4/ CrN multilayers as

function of modulation period with different
modulation ratios and deposition temperatures

According to the Koehler theory!'”!, the hard-
ness anomalies are due to the modulus difference be-
tween the superlattice layers. The hardness enhance
ment in the multilayers can be calculated through the

follow ing equation'® :

H = 10T, - 5RG4CIHNSIHG (1)
where R= (Ga— Gg)/( Ga+ Gg). G, and Gp are
the shear modulus of materials A and B, respectively.
However our experimental results show that the dif-
ference of elastic modulus between the constituent
materials of CrN and SizN4 are small. The elastic
modulus values of CrN and SizNy single layer films are
243.0 and 240. 0 GPa. This means that the increase
of hardness caused by the Koehler model is slight even
if we assume that SisN4 layers are polycrystalline in
the same way as the CrN layers in CrN/SizsN4 multi-
layers.

Another hardening mechanism is the coherency
strain effect!'®. However, there is no coherent stress
between CrN and Si3N4 layers in the multilayers be
cause of the crystal/ amorphous interfaces.

Xu et al'” have suggested a hardening mecha
nism in aSizsN4/ncTiN multilayers: heatedinduced
alternating stress fields strengthening. According to

the coherency strain effect''®, the enhancement of

strength and hardness of the films is caused by the co-
herent alternating strain fields. The alternating strain
fields, hence stress fields, are caused by the mis-
match of thermal expansion coefficients in A/ B mult
layers. The heatedinduced alternating stresses are
deduced as follows'”:
1 1 E\E,dy( ap— ap) AT
%= o= 1T U)Esdot (1= B)Erd, 2

and
E(E>di( 0p— a;) AT
Z = &=
= 0= 0 0) Eadot (1= W) Erdy O

1 . .
where 0., 02 are the residual compression stresses

and residual tensile stresses in layers A and B, respec
tively. Ejand E,, diand d2, a;and @z, and U and
B, are elastic modulus, thickness, thermal expansion
coefficients, and Poisson s ratios of layers A and B ,
respectively. AT is the difference temperature be
tween the room temperature and the deposition tem-
perature. The magnitude of these stresses depends on
the mismatch of the thermal expansion coefficient,
temperature difference and the relative thickness of
the layers.

It is suggested that superhardness effect will ap-
pear when there exist alternate stress fields, regard-
less of the coherency strain or thermal mismatch
strainl”l. However, the thermal expansion coeffi
cients of CrN and SizN4 are 2.3 and 2. 5 x 10~ K- 1,
respectively. The difference of thermal expansion
mismatch is too close to cause thermal stresses in the
CrN and SizNy interfaces when we calculate the alter
nate stresses by Eqns. (2) and (3). In this case,
there are not any kinds of alternating stress fields in
the films. Hence, no enhancement of hardness con-
tributed by Cahn's coherent stress model occurs.
That is the reason why the hardness values of the
SisN4/ CrN multilayers deposited at room tempera
ture are between those of the constituent materials.
The slight increase of hardness values of the SizsN4/
CrN multilayers deposited at 500 C may contribute
to a little increase of alternating stress fields in the
multilayers.

4 CONCLUSIONS

A new kind of Si3N4/ CrN nano-multilayers on Si
(100) substrates has been prepared by reactive mag-
netron sputtering process. The CrN and SizN4 layers
are nearly stoichiometric. The CrN and SizNy single
layer films are polycrystalline face centered-cubic and
amorphous structures, and the interfaces are planar
and modulation structure is clear in multilayers. The
crystal growth of CrN is interrupted by amorphous
Si3Ny films at smaller modulation periods, leading to
the nanocrystalline CrN films. The hardness values of
Si3N4/ CrN multilayers are between those of the con-
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stituent CrN and SizN4 films at the substrate temper-

ature of 20 C, and are somewhat higher than those
of Si3sN4 films at the deposition temperature of 500

‘C. There is no superhardness effect in the SizN4/

CrN multilayers.
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