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Abstract

In this study, chromium zirconium nitride (Cr-Zr-N) thin films have been prepared by reactive dc closed field
unbalanced magnetron co-sputtering on Si (100) wafers and glass slides for 60 min without substrate heating and
biasing voltage in gas mixture of Ar and N, with flow rates kept constant at 3.0 sccm and 6.0 sccm, respectively. The
sputtering currents applied to Zr target were varied from 0.2 A to 0.8 A, whereas the current of Cr target was kept at
0.8 A. To investigate films structure and surface morphology as a function of Zr content, the as-deposited films were
characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), field emission scanning electron
microscopy (FE-SEM), and energy-dispersive X-ray spectroscopy (EDX). The results suggested that increasing in
current applied to Zr target enhanced the deposition rate and also increased Zr content in the films ranging from 6.0 to
31.2 at %. The films formed a solid solution (Cr, Zr)N where Zr atoms substitute Cr atoms in the CrN lattice. The
lattice parameters increased from 0.4207 nm to 0.4357 nm, whereas the grain sizes decreased from 11.27 nm to 7.412
nm. The film structure developed with the coexistence of (111) and (200) crystallographic orientation into a mixture
of nanocrystalline grains as the sputtering currents of Zr target exceeded 0.2 A. The AFM images showed smoothing
surface morphology with the roughness decreased from 9.471 nm to 2.437 nm. Cross-sectional micrographs exhibited
the microstructure evolution corresponding to the grain refinement as a result of increasing Zr discharge current.
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1. Introduction

Nowadays, the surface coating with hard material is the commercial interest because it can be used to
extend the lifetime of machine components and tools and to make engines and devices more efficient. The
binary nitride thin films such as TiN, CrN, and ZrN have been most extensively studied and frequently
used in various industries because of their high hardness, good wear resistance, low friction coefficient,
and excellent corrosion resistance. However, the binary nitride is still not good enough for some specific
applications. For example, in the case of high speed machining, the mechanical properties of CrN film are
degraded rapidly by the formation of porous oxides at the film surface during service at high temperature
above 700°C [1]. Moreover, the coarse columnar grain structure of CrN and TiN films could have many
voids and other structural defects, which could be an oxygen diffusion path [2]. In order to overcome
these problems, ternary nitride thin films with the addition of other elements into binary system have been
developed, and their superior properties to the binary nitride system have been reported in many papers.
Among these films, Cr-based ternary nitride coatings such as Cr-Ti-N [3], Cr-Al-N [4], Cr-W-N [5], Cr-
Si-N [6], and Cr-Zr-N [7-9] have been extensively studied due to high temperature oxidation resistance of
CrN films, especially Cr-Zr-N films. Many research groups reported that the films have been much
improved not only the mechanical properties, but also the very low surface roughness with increasing Zr
content [7]. However, most of previous studies have necessarily used the substrate heating and/or
substrate biasing to improve the film structure. These techniques can give rise to the heating effects of
substrate which lead to higher production coat for industry. Therefore, it is important and commercially
useful to study the sputter deposition of these films without heating and biasing the substrates.

In this paper, Cr-Zr-N thin films were prepared by using reactive dc unbalanced magnetron sputtering
without substrate heating and voltage biasing at a long distance from the targets. Their structure and
surface morphology were investigated as a function of Zr contents.

2. Experiment

The Cr-Zr-N films were prepared by closed field unbalanced magnetron sputtering system. These films
were deposited on silicon (100) wafers and glass slides without external heating and voltage biasing. In
this system, the 99.99% metallic Cr and Zr targets with diameter of 3 inches were used as the magnetron
sources. The targets were installed on the wall of cylindrical chamber. The substrate holder was placed
vertically at the center of the chamber and separated from each target as a distance of 13 cm. Prior to films
deposition, the sputtering chamber was evacuated to the base pressure of 5.0x10” mbar by a diffusion
pump accompanied with a rotary pump. The targets were pre-sputtered in Ar atmosphere for 10 min to
remove contaminates from the surface. After target cleaning, the deposition of films was performed in a
mixture of Ar—N, atmosphere at the constant working pressure of 4.0x10~ mbar by keeping the flow rate
of Ar (99.999%) and N, (99.999%) gas at 3.0 and 6.0 sccm, respectively. To produce the films with
various Zr contents, the sputtering current of the Zr target was varied from DC 0.2 and 0.8 A while that of
the Cr target was maintained at DC 0.8 A. Deposition time was fixed at 60 min for each.

The chemical composition of films was determined from energy-dispersive X-ray spectroscopy
(EDS2006 5501 Analyzer). The crystal phase and texture of films were characterized by X-ray diffraction
(Rigaku, Rint 2000) using CuKa radiation (A=1.542 nm) operated at 40 kV and 40 mA with a glancing
angle of incidence (3°). The XRD pattern was recorded from 20° to 80° with 26 scanning rate of 2° min™.
The surface morphology, roughness, and film thickness were observed by an atomic force microscope
(Nanoscope IV, Veeco Instrument Inc) on a scanning area of 1x1 umz. The cross-sectional morphology
was investigated by field emission scanning electron microscopy (FE-SEM, HITACHI S-4700).
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3. Results and discussion
3.1. Chemical composition

The atomic concentrations of Cr, Zr and N on the films deposited with various discharge current of Zr
target were determined from EDX analysis and listed in Table 1. The Zr content increased from 6.01 to
31.15 at % with increasing Zr target current, whereas the nitrogen content decreased from 43.72 to 27.65
at %. This is a result of keeping the nitrogen at a fixed flow rate despite the increase in the Zr discharge
current. Moreover, increasing of energetic particles bombarding onto the surface of growing film could
result in desorption of the nitrogen and thus in the decrease of its content [10].

Table 1. Chemical composition of the Cr-Zr-N films as a function of the discharge current of Zr target

Discharge current of Zr Chemical composition (at.%)

target (A) Cr 7r N

0.2 50.27 6.01 43.72
0.4 47.83 16.20 35.97
0.6 44.37 21.78 33.85
0.8 41.20 31.15 27.65

3.2. Crystalline structure

Figure 1 shows X-ray diffraction pattern of Cr-Zr-N coatings on Si (100) with different Zr target
currents. The absence of separate sets of diffraction peaks for CrN and ZrN from the XRD pattern
suggested that these films exhibited the single-phase crystalline structure of fcc NaCl-type. This could be
attributed to the similarities between CrN and ZrN crystalline structures and fairly good mutual solubility
of zirconium in the chromium metal [11]. As the Zr target current increases, these peaks gradually shifted
toward the lower 20-position. This result suggested that the films formed a solid solution (Cr, Zr)N
whereby Cr atoms are substituted by Zr atoms. The lattice parameters of these films, which were deduced
from the (111) peaks, increase from 0.4207 nm to 0.4357 nm with increasing Zr target current, as shown
in Fig. 2. The increase in the lattice parameters could be the results of the substitution of Cr with Zr in the
CrN lattice since the radius of Zr atom (0.161 nm) is larger than the radius of Cr atom (0.136 nm) [7].
These results are consistent with those reported by other researchers [7-9]. Furthermore, the increase in Zr
target current could result in the development of crystallographic orientation in the films. The films
exhibited strong (111) preferred orientation at the Zr discharge current of 0.2 A and became a mix-phase
of (111) and (200) crystallographic orientation at the higher currents (0.4 — 0.8 A). This result suggested
that increasing Zr target current lead to the increase in flux of energetic particles impinging on the film
surface. With the energetic bombarding, higher adatom mobility and resputtering can cause surface
rearrangement. For NaCl structure, grains with <100> direction are the most open channeling. Along this
direction the energy of impinging particles is distributed over larger volumes leading to lower sputtering
yields and less lattice distortion. Therefore, The grains with (200) plane have more probabilities for
survival and (200) texture can be developed [12-13].

The grain sizes were calculated from the full width at half maximum of the XRD peaks by using the
Scherrer formula and plotted against the Zr target current as shown in Fig. 3. This figure indicated that
grain refinement occurred as a result of the increasing Zr target current.
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Fig. 1. X-ray diffraction patterns of Cr-Zr-N films with various Zr discharge currents
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Fig. 2. Lattice parameter and 26-position of (111) peak of the Cr-Zr-N films as a function of the Zr target current
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Fig. 3. Grain sizes determined from the FWHM of (111) peaks by using the Scherrer formulas as a function of Zr target current

3.3. Surface morphology

Figure 4 shows AFM surface images of the films with different Zr target currents. As shown in Fig. 4,
the films exhibited smoothing surface with increasing Zr discharge current. The root-mean-square (RMS)

roughness from AFM analysis was decreased from 9.471 nm to 2.437 nm and corresponded to decreased
grain sizes determined from XRD pattern.

(a) (b)

RMS=9471nm~ | = RMS =5.812 nm

(©) (d)

RMS = 2.806 nm - s RMS = 2.437 nm

Fig. 4. AFM surface morphologies and RMS roughness of the Cr-Zr-N films: (a) 0.2 A; (b) 0.4 A; (¢) 0.6 A; (d) 0.8 A
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Fig. 5. Cross-sectional SEM morphologies of the Cr-Zr-N films: (a) 0.2 A; (b) 0.4 A; (c) 0.6 A; (d) 0.8 A

Figure 5 represents the fracture cross-section of these films. These photographs showed the
development of film microstructure with the increase in Zr target current. The low adatom mobility
caused by the low energy flux on the film with Zr current of 0.2 A results in competitive growth of grains
and open grain boundaries. This process can result in a thicker film with porous microstructure
corresponding to Zone 1 in Thornton’s structure zone model. As the Zr target current increased,
bombarding with higher energetic particles lead to the microstructure with densely packed fibrous grains
which correspond to Zone T in the zone model. In addition, the Zr atoms added to the films can result in
the dense microstructure through the grain refinement. Refining grains are the effects of impurities or
additives in the film that predicted by the Barna and Adamik’s structure zone model [14]. According to
this model, Zr atoms added to the films stop the grain growth and stimulate the renucleation of grains.
These results are in agreement with the smoothing surface morphology and the grain size decreasing of
the films.

4. Conclusions

CrZrN films were prepared by using reactive dc unbalanced magnetron sputtering without substrate
heating and bias. The structure and surface morphology of these films were evaluated as a function of Zr
target current. XRD analysis revealed that the films formed nanocrytalline solid solution (Cr, Zr)N where
Zr atoms substituted Cr atoms in CrN lattice. Their lattice parameters increase from 0.4207 nm to 0.4357
nm with increasing Zr content, whereas the grain sizes decrease from 11.27 nm to 7.412 nm. The increase
in energy flux with increasing Zr discharge current could result in crystallographic orientation
development. The films exhibited a mixture of nanocrystalline grains of the coexistence of (111) and
(200) crystallographic orientation as the Zr target current exceeded 0.2 A. AFM analysis shows smoothing
surface morphology with roughness decreased from 9.471 nm to 2.437 nm. Cross-sectional micrographs
from FE-SEM exhibited the microstructure evolution corresponding to smoothing surface morphology.
The increase in Zr discharge current leads to the increase in energy flux and Zr content and results in the
formation of a nanocomposite structure which favors grain refinement during the growth process.
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