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Abstract

The effect of metal vapor vacuum arc(MEVVA ) Cr-implanted interlayers on the microstructure of CrN films on the silicon
wafer was investigated. Two types of the CrN-coated specimens(CrNySi and CrNyCrySi) by cathodic arc plasma deposition
were prepared with and without a MEVVA Cr-implanted interlayer. The diffraction patterns of the coated specimens revealed the
presence of CrN, and the(220) preferred orientation for both CrNySi and CrNyCrNySi. The CrN coating thicknesses for CrNy
Si and for CrNyCrySi were 0.3mm and 1.3mm, respectively. Secondary ion mass spectrometry proved the high quality of the
films on silicon substrates. Transmission electron microscopy micrographs and selective area diffractions revealed the presence of
a large number of nano-scale Cr resulting from the interlayer of MEVVA Cr with a background of single crystal silicon spots.
Furthermore, in situ stress measurement demonstrated that the presence of a Cr interlayer between CrN and Si could drastically
reduce the residual stress in the CrNyCrySi assembly.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chromium nitride(CrN) films have been successfully
applied in tools because of their excellent mechanical
properties and corrosion resistancew1–3x. In our previ-
ous studies, a Cr interlayer was electroplated to increase
the corrosion and tribological resistance of CrN films
w1x. However, the electroplating industry is notorious
for its pollution of the environment and the residual
stress in this material system interlayer has seldom been
investigated. Thus, this study employed metal vapor
vacuum arc(MEVVA ) ion implantation to deposit an
interlayer of Cr. This method has many outstanding
advantages, such as the ability to produce almost all
species of metal ion, a very high current, pure ion
beams, reasonably high charge states and a large beam
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spot w4x. This technique also allows the use of cathodic
arc plasma deposition(CAPD) for forming CrN w5x,
and this study employs silicon wafers as the substrate.
Two specimens were prepared; one was a pre-coated
interlayer of Cr between the CrN film and the Si
substrate, designated as CrNyCrySi and the other was
CrN directly deposited on the Si substrate, designated
as CrNySi. The in situ residual stress measurementsw6x
were made to investigate the effect of an interlayer Cr
on the residual stress. Understanding the effect of
residual stress is useful in further studies.

2. Experimental details

A 725 mm thick p-type (100) Si wafer (Toshiba
Ceramics Co., Ltd.) was selected as a substrate. The Cr
interlayer was deposited using an MEVVA ion implanter
at an extracting voltage of 50 kV. Nevertheless, the
extracted Cr ions have various valencies, including
Cr , Cr , Cr and Cr w7x. The main componentq 2q 3q q4
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Fig. 1. XRD patterns of CrNySi and CrNyCrySi showing a pro-
nounced preferred orientation of(220).

was Cr with a corresponding average energy of 1002q

keV. The ion doses and the current density were
2=10 ionsycm and 6 mAycm , respectively. The17 2 2

substrate temperature was measured by K-type thermo-
couples and the substrate was heated from nominal room
temperature up to approximately 1008C after implan-
tation. A CAPD technique was used to produce CrN
films. During the deposition, the substrate temperature
was maintained at;350 8C at a bias ofy150 V; the
arc current was 60 A; the N partial pressure was2

controlled at;3 Pa, and the deposition time was 70
min.

The crystal structures of CrNySi and CrNyCrySi
assemblies were investigated by X-ray diffraction
(XRD) and transmission electron microscopy(TEM).
A Mac Science MXP3 diffractometer using Cu Ka

radiation (ls0.154 nm) with the collected interval of
0.028y2u was used. A Philips CM2 TEM operating at
200 kV was used to examine the crystal structure of the
CrySi assembly. The surface morphology and the thick-
ness were measured by scanning electron microscopy
(SEM), JEOL JSM-5400, operating at 15 kV. A Cameca
IMS-4F secondary ion mass spectrometer(SIMS) with
a Cs primary beam with an impact energy of 14.5 keVq

and a primary current of 50 nA traced the depth profiles
of chromium, nitrogen and silicon in the films. In situ
curvature measurements were made using a scanning
laser curvature method to determine the stress changes
in the film. A He–Ne laser with a wavelength of 632.8
nm and a power of 7 mW was used. The laser spot was
approximately 0.25 cm and moved through 1 cm on the
surface of specimen. The curvature(1yR) of the film
was obtained and the residual stress(s ) calculatedf

using the Stoney’s equationw8x:

2 B EE t 1S S C Fs s = = (1)f
D G6(1yn ) t RS f

where n is the Poisson ratio of the substrate;E isSS

Young’s modulus of the substrate;t is the thickness off

the film, andt the thickness of the substrate.S

3. Results and discussion

3.1. XRD results

Firstly, XRD was used to examine the crystal structure
of CrNySi and of CrNyCrySi assemblies, as shown in
Fig. 1. The two assemblies match the CrN phase as
given in the JCPDS cardw9x. Notably, the 2u value of
33.018 is attributed to the second reflection from the Si
substrate. The(200) and (220) diffraction line of the
CrN phase is observed for both samples. Furthermore,
the predominance of CrN(220) is the preferred orien-
tation after the JCPDS card is compared withw9x. Such
an obtained(220) orientation has a slightly lower

diffraction angle, indicating a compressive residual stress
in the film, which deserves to be examined further using
a scanning laser curvature measurement. The full width
at half maximum (FWHM) of the diffraction peak
normally represents the grain size in Scherrer’s equation.
The grain sizes of the CrN/Si and CrN/Cr/Si assemblies
are similar because of the similarity of the two FWHMs
(1.47 vs. 1.74). The Cr interlayer does not affect the
preferred orientation of the CrN films; this fact is
consistent with the authors’ previous studies on electro-
plated Cr as an interlayerw5x.

3.2. SEM observation

Fig. 2 presents the SEM morphologies of the scatter-
ing of macroparticles on the surface films of the CrNy
Si and CrNyCrySi assemblies. Macroparticles may result
from the reactive force of intensive ions that flow back
from the ionization region onto the underlying liquid
pool of the chromium target, or from the plasma-
generated micro-explosions on the cathode surfacew10x.
The macroparticles revealed by EDS consist of pure
chromium. Fig. 2a,b depicts the decohesion of macro-
particles at the particle-matrix interface while Fig. 2c,d
shows the cross-sectional morphologies of the CrNySi
and CrNyCrySi assemblies. The surface morphologies
are essentially the same and independent of the Cr
interlayer. However, the difference in CrN film thick-
ness, 0.3mm for CrNySi and 1.3mm for CrNyCrySi,
can be explained by the fact that the Cr ions implanted
interlayer facilitates the nucleation and growth of CrN,
which result in contrast to the results of our previous
studies on the use of electroplated Cr to bridge the
succeeding CrN coating resulting in well-textured forms
w5x.
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Fig. 2. SEM surface morphology of the films:(a) CrNySi; and(b) CrNyCrySi and the corresponding SEM cross sectional morphology of the
films: (c) CrNySi; and(d) CrNyCrySi.

Fig. 3. The depth profile of elemental Cr, N, and Si as a function of sputtering time for(a) CrNySi and(b) CrNyCrySi.
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Fig. 4. (a) TEM micrograph of the MEVVA Cr deposited silicon showing the presence of a larger number of nano-scale Cr and(b) SAD pattern
resulting from the MEVVA Cr deposited silicon showing diffraction rings on a background of single crystal silicon spots.

3.3. SIMS analysis

SIMS was conducted to elucidate the elemental dis-
tribution of chromium and nitrogen in the CrN films for
CrNyCrySi and for CrNySi assemblies. Fig. 3a,b shows
the logarithmic intensities associated with chromium
and nitrogen with silicon noise as a function of sputter-
ing time for CrNySi and CrNyCrySi assemblies, respec-
tively: good quality films on the silicon substrates are
observed. For instance, the acquired homogeneity is
exhibited in the depth of the layers, showing similar
intensity variations for CrNySi and CrNyCrySi. The
stoichiometric ratio of nitrogen and chromium in the
CrN film cannot be changed significantly by the MEV-
VA Cr ion-implanted interlayer, as resolved from the
SIMS depth profiles.

3.4. TEM observation

TEM was used to disclose the microstructure of the
Cr interlayer by MEVVA. Fig. 4a,b shows the plan-view
bright field image and selected area diffraction(SAD)
pattern of the MEVVA Cr-deposited silicon wafer,
respectively, implying the presence of a large number
of nano-clusters(Fig. 4a) and a weak diffraction pattern
(Fig. 4b) with a background of single crystal silicon
spots, associated with the thin MEVVA Cr interlayer.
The d-spacing calculated for the diffraction rings match-
es with the standard d-value of Crw11x. The presence
of such Cr diffraction rings proves that chromium
disilicide (CrSi ) was not formed here.2

CrSi can be directly synthesized using MEVVA2

techniques at a substrate temperature of 1508C and a
current densityP8.8mAycm w7,12x. Nevertheless, both2

the current density(6 mAycm ) and the substrate tem-2

perature(approx. 1008C) used in the performed exper-
iment are consistently lower than required, seemingly
explaining why CrSi could not be produced.2

Although CrSi can be synthesized by solid–state2

diffusion (thermal annealing) w13,14x, no such phase
could be detected after CrN was deposited by CAPD.
The substrate temperature was;350 8C while the CrN
film were being deposited, so insufficient energy was
provided for Cr atoms to react further with the Si
substrate.

3.5. Residual stress analysis

The residual stresses of the CrNySi and CrNyCrySi
assemblies and the differences between them were eval-
uated and compared. Residual stress often exists in
deposited films and originates from two major sources:
one is the intrinsic stress that depends on a deposition
parameter such as, ion bombardment energy and the
other is the thermal stress that is caused by the different
thermal expansion coefficients between the film and the
substratew15–18x. The residual stresses were determined
experimentally by a scanning laser curvature method,
and the curvature was further converted into stress using
Eq. (1). The needed parameters are,E s130.2 GPa,S

n s0.279w19x, t s725 mm andt is the correspondingS S f

thickness of the CrN film observed by SEM, 0.3mm
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Table 1
A comparison between CrNySi and CrNyCrySi assemblies determined by XRD, SEM and in situ stress measurements

Specimens Preferred orientation CrN films thickness(mm) Measured curvature(m )y1 Residual stress(GPa)

CrNySi CrN (220) 0.3 y0.16"0.01 y8.02"0.53
CrNyCrySi CrN (220) 1.3 y0.24"0.01 y2.77"0.12

for CrNySi and 1.3mm for CrNyCrySi. The residual
stresses for CrNySi and for CrNy CrySi arey8.0 GPa
and y2.8 GPa, respectively, as shown in Table 1. The
obtained stress levels are reasonable in comparison with
the values in the literature(y2.9 to y8.8 GPa)
w2,6,20,21x.

The thermal stress of CrN(s ) can be estimatedCrN

as followsw22x

(a ya )DTCrN Si
s s (2)CrN w zn y1 h (n y1)crN CrN CrNqx |

E h Ey ~CrN Si Si

where a is the thermal expansion coefficient(a sCrN

2.3=10 K , a s4.1=10 K ); n is the Pois-y6 y1 y6 y1
Si

son’s ratio (n s0.199, n s0.279); E is Young’sCrN Si

modulus (E s452 GPa,E s130.2 GPa); h is theCrN Si

thickness of the films and substrates, andDT is the
difference between the deposition temperature and the
room temperature. The thermal stress(s ) is only 0.3CrN

GPa for depositing CrN deposition herein, contributing
approximately 4% for CrNySi and 12% for CrNyCrySi.
Therefore, the residual stress is mainly the intrinsic
stress.

Surprisingly, an MEVVA Cr interlayer can drastically
reduce the residual stress in the CrN film. To estimate
the magnitude of the reduction of stress, the reduction
of stressD s can be defined as,

Dss±(s ys )ys ±=100% (3)CrNyCr CrN CrN

wheres and s are the corresponding residualCrNyCr CrN

stress with and without the MEVVA Cr interlayer,
respectively. The role of the Cr interlayer is apparent: it
can significantly relax the residual stress of CrN films
by up to 65%. It can therefore effectively reduce the
residual stress in the growing of CrN films, using Eq.
(3).

4. Conclusions

This study compared and characterized the micro-
structures and residual stress of CrN on a silicon wafer
formed by CAPD both with and without a Cr interme-
diate layer deposited by MEVVA using XRD, SEM,
TEM and SIMS.

1. No intermediate phases of CrSi were formed between2

the MEVVA Cr and the Si substrate after MEVVA

Cr implantation and subsequent CrN coating.
2. The diffraction patterns of the specimens indicated

the presence of the CrN phase, with a(220) preferred
orientation for both CrNySi and CrNyCrNySi.

3. The plan-view bright field TEM and its SAD reveal
the presence of a large number of nano-clusters and
a diffraction pattern with a background of single
crystal silicon spots from the interlayer of MEVVA
Cr.

4. The origin of the diffraction ring is a clear indication
of the nano-crystalline Cr deposited by MEVVA.

5. Moreover, in situ stress measurements demonstrate
that the presence of a Cr interlayer between CrN and
Si can dramatically reduce the residual stress in CrN
films.
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