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Abstract

In this study, we prepare bilayer Ni-Cr/CrN films. A Ni-Cr resistive thin film was prepared by DC sputtering from targets of Ni0.8-Cr0.2 casting alloy. A CrN protection thin film was prepared based on optimum sputtering conditions of the Ni-Cr film, which was made by DC and RF magnetron co-sputtering from targets of Ni0.8-Cr0.2 casting alloy and chromium. The electrical properties and microstructures of the resistive films at different annealing temperatures were investigated. The phase evolution, microstructural and composition of Ni-Cr and NiCr/CrN films were characterized by X-ray diffraction (XRD), field-emission transmission electron microscopy (HRTEM) and auger electron spectroscopy (AES). The results indicated that the resistivity of the bilayer Ni-Cr/CrN films is higher than Ni-Cr films. When the annealing temperature was set to 300 °C, the bilayer Ni-Cr/CrN films exhibited a resistivity (303 ·cm with the smallest temperature coefficient of resistance (TCR) of -3 ppm/°C. However, the Ni-Cr films that annealed at 300 (C showed a resistivity of (210 ·cm, with a TCR of 13 ppm/°C. In addition, the TCR and resistivity variation rate of CrN protective coating layer on the Ni-Cr films after high temperature testing at 150°C up to 100 h was done. The results show that the average change rate of the TCR for bilayer Ni-Cr/CrN films is lower than single Ni-Cr films. 
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1. Introduction

Ni-Cr thin films have some advantages such as near zero temperature coefficient of resistance (TCR), low noise and good power dissipation applied in integrated circuits [1-3]. Thin film resistors have more stability against time and temperature variations for the efficient operation of electronic circuits. Therefore, stability resistance with low TCR characteristics is an important requirement [4]. However, the long-term stability of thin film resistors is one of very important parameters for their applications in microelectronics [5].
Ni-Cr thin films with accurately controlled composition can be deposited by different sputtering methods. Deposition techniques for preparing thin film resistors, such as DC magnetron sputtering [6], radio-frequency (rf) sputtering [7-8], co-sputtering [9], DC reactive magnetron sputtering [10] have successfully been applied, just to mention a few of them.
Thin films of chromium-nitride (CrN) have been reported for many years due to its outstanding industrial applications. CrN is an attractive material to corrosion and wear protection for bright and non-tarnishing surfaces due to good wear resistance, low friction coefficient and high hardness, corrosion resistance and thermal barrier properties [11,12]. Therefore, CrN films have gained interest in various technical applications, especially as wear resistant coatings for cutting tools [13, 14] and in particular when corrosion at elevated temperatures (hot corrosion) must be prevented [15]. Also, deposition of CrN by DC sputtering has been reported earlier [16]. Direct deposition of CrN thin films onto conductive substrates ensures a satisfactory conductivity between them, and such sandwiched structures can directly be used for supercapacitor electrodes, even without extra binders [17]. All these properties, high mechanical hardness and wear resistance as well as their chemical stability make CrN-films promising candidates for protective layers on Ni-Cr resistor films.
Generally, thin film resistors exposed to high humidity and used for low power applications conventionally consist of tantalum nitride in order to circumvent eventual catastrophic failure during operation. Ni-Cr thin films used under such conditions, however, would typically show a shift of their properties and open. Due to the historical maturity of tantalum nitride resistors, their good performance and passivation properties.[18, 19]The use of Ni-Cr resistors in relatively harsh corrosive environments caused by high humidity, for instance, has only be promoted hesitantly.
A particular approach to introduce passivation to this material system can be realized by applying a CrN-passivation layer onto Ni-Cr films (see Figure 1). In this study, a bi-layer thin film structure has been developed in order to protect Ni-Cr resistive films and to avoid catastrophic failure during operation of the corresponding devices in aggressive, humid atmospheres. Two types of samples have been prepared: (i) single layer of Ni-Cr and (ii) bi-layer films of Ni-Cr/CrN. Annealing treatments at different temperatures have been applied in order to investigate their influence on the phase evolution, films crystallinity, microstructure and on the electrical properties of the bilayer Ni-Cr/CrN films. In this report a stability test for passivated Ni-Cr thin film resistors is proposed and presented, consisting of the measurement and analysis of resistance change with continuously increasing temperature.
2. Experimental procedure

2.1 Ni-Cr thin film preparation 

Metallic Ni-Cr thin films of 80 nm thickness were deposited at 25 (C by DC magnetron sputtering on glass and Al2O3 substrates using targets with the composition Ni0.8Cr0.2 and a diameter of 76.2 mm. Ar etching before deposition is used to clean Ni0.8Cr0.2 target surface, and etching time is 5 min. The sputtering rate averaged out to 6 nm/min at the different power levels used (30 W, 50 W and 100 W). Prior to deposition the sputtering chamber was evacuated to a background pressure of 7×10-7 Torr using a cryo-pump. Ar sputtering gas with a purity of 99.999 % was introduced at a flow rate of 25 sccm into the chamber using mass flow controllers. The working pressure was 4.5×10-3 Torrr 
2.2 Bilayer Ni-Cr/CrN thin film preparation 

Chromium, 76.2 mm in diameter, was used as a target. Ar etching before deposition is used to clean Cr target surface, and etching time is 5 min. CrN thin films with a thickness of ∼30 nm was deposited at 25 (C onto glass and Al2O3 substrates and Ni-Cr films using rf-sputtering from a chromium target under fixed N2 and Ar flow rates in a stainless-steel chamber. CrN thin films having a sputtering rate of 2 nm/min was based on 100 W power. We kept the Ar and N2 flow rates fixed at 25 sccm and 15 sccm, respectively. The sputtering chamber was evacuated to a background pressure of 7×10−7 Torr using a cryo-pump. The Ar sputtering gas had a purity of 99.999% at a flowrate of 25 sccm. N2 gas with a purity of 99.99% at a flowrate of 15 sccm was introduced into the chamber using mass flow controllers. The working pressure was 5×10−3 Torr. 
2.3 Analysis

Thin films deposited onto glass plates at room temperature were subjected to electron probe microanalysis (EPMA) and X-ray diffraction (XRD) studies. Thin films deposited onto Al2O3 substrates (size: 400 mm2) were used for measuring the electrical properties. The as-deposited films were annealed at 200 to 300 (C for 2 hours, with a heating rate of 5 (C/min in vacuum. The substrate temperature was at 25 (C.
The sheet resistance Rs of the films was measured using the four-point probe technique. In order to measure the sheet resistance of Ni-Cr film for bilayer films, the samples were specially prepared as shown in Fig. 2. When the CrN film was deposited on the Ni-Cr film, it was kept 5 mm width without CrN deposition which is suitable for four-point probe measurement. The thickness t of the films was measured using TEM (cross-section). The resistivity measured using the four-probe method was consistent with the resistivity obtained using the product of Rs and t. 
The TCR values of the samples were measured on thin long strips cleaved from the substrate. Electrical contacts to the two ends of the resistive strips were obtained by selectively coating the ends with sputtered Ag. The DC resistance of the strips was measured on a digital multimeter (HP 34401A) at different temperatures (25 (C and 125 (C). The TCR of the samples was measured using the relation
TCR =[((R/(T)(1/R] (106 ppm/K
The composition of the deposited films was determined using auger electron spectroscopy (AES). AES depth profiles were obtained in a PHI 550ESCA/SAM Auger microprobe (Physical Electronics, USA). The film crystallinity was analyzed using X-ray diffraction (XRD, Bruker D8A Germany), using Cu Kα radiation for 2θ values from 10( to 65(, with a scan speed of 3(/min and a grazing angle of 0.5( at 40 kV and 40 mA. The film microstructure was also investigated using a field-emission transmission electron microscope (FE-TEM, FEIE.O. Tecnai F20) equipped with an energy dispersive spectrometer at an acceleration voltage of 200 kV.

HALT is an accelerated product reliability test method focused on finding design or component weaknesses in products. It helps to shorten the product development process and failures can be avoided in advance, before they become expensive field issues. Most components have lifetimes that extend over many years at normal use. However, we cannot wait years to study a component. We have to increase the applied temperature in this study. The testing temperature was set at 150 (C for 100 h. In most cases the accelerated testing does not change the physics of the failure, but it does shift the time for observation.
3. Results and discussion

3.1 Ni-Cr resistive films
The film compositions were analyzed using electron probe microanalysis (EPMA). Relative concentrations of nickel and chromium were determined at three distinct points respectively on as-deposited Ni-Cr films. The element concentrations are listed in Table 1. The analysis results show that the composition of the as-deposited Ni-Cr films prepared with 30 W sputtering power (79.94 at.% Ni and 20.06 at.% Cr) essentially corresponds to the target composition. The alloy Ni-Cr 80/20 wt.% represents a well-known metallic material with many various applications in different fields of technology, but it is also used for thin film resistive materials [20]. Thin films deposited at a higher sputtering power than 50 W shows more elevated levels in Cr-content. The electrical properties of Ni-Cr thin films are listed in Table 1. The resistivity of as-deposited thin films is higher than that of annealed thin films, and the TCR values are on the contrary lower for the as-deposited state compared to annealed specimens. Presumably this effect results from a higher crystallinity of the annealed films. Such annealing effects on the TCR of resistor films have been known for long time [21]. They are believed to originate from the result of competing contributions related (i) to the formation of oxide layers or to weak localization effects in amorphous regions (Negative contributions) and (ii) to conductivity in well crystallized grains (Positive contributions) [22-23].
Figure 3 shows X-ray diffraction patterns recorded for Ni-Cr films annealed at different temperatures in vacuum. The XRD patterns of the as-deposited thin films exhibit reflection peaks that correspond to the fcc Ni-Cr solid solution phase as shown in Fig. 3a. This Ni-Cr crystalline phase is also observed for the annealed films, but the intensities of the (111) refection peaks is significantly enhanced at 300 (C annealing. Petrović et al. [20] pointed out that the most intensive peak in the XRD spectrum of Ni-Cr deposits is located at 2 = 44.238°, because the diffraction peak positions of Ni-Cr is determined by the lattice constant of the solid solution of Ni and Cr. However, the lattice constant will be decreased when the annealing temperature increased in the Ni-Cr films. The decrease of lattice constants results due to some lattice defects in peaks shift to a higher angles.[24] The crystallite sizes were found to be increasing with increasing temperature as shown in Table 2, such as, the crystallite size for 25 (, 200 (, 300 (C are 86.1, 88.1, and 105.3 nm, respectively. Thus temperature plays an important role in tuning the Ni-Cr alloy crystal sizes.
3.2 Ni-Cr/CrN bilayer films
Before preparing bilayer thin films of Ni-Cr/CrN, pure CrN was deposited by reactive sputtering on glass substrates using a Cr-target and applying different flow-rates of N2- and Ar-gas (N2/Ar+N2: 0%, 12.5%, 25.0%, 37.5% and 50%). Figure 4 shows X-ray diffraction patterns of the as-deposited CrN films deposited at different N2/Ar+N2 ratios. All films revealed the structure of chromium mononitride CrN [25], except the films deposited in pure Ar (Figure 4(a)). These films clearly crystalized upon deposition in the bcc Cr-phase as revealed by a strong (110) reflection peak. For N2/Ar+N2 ratios above 12.5% CrN crystallizes instead during sputtering as evidenced by a strong (111) reflection peak. The two other reflection peaks for (200) and (220) in the angular range covered appeared only for films deposited for large N2-concentrations during deposition and N2/Ar+N2 ratios above 37.5%, as shown in Figure 4(e). These results from XRD-inspection clearly demonstrate the good crystallization behaviour of the phase CrN in deposited thin films, this result is similar with reports by Tripathi et al. [26] who observed the crystallization of fcc CrN in thin films grown by reactive DC magnetron sputtering only at concentrations N2/Ar+N2 for the reactive nitrogen gas of about 25%. However, CrN thin films have been widely applied in some applications due to their good wear and corrosion resistance as well due to their favourable mechanical properties [27,28,29].
The bilayer thin films prepared in this study were deposited in the following way: (i) First, Ni-Cr films were grown on Al2O3 and glass substrates using DC magnetron sputtering at 30 W using Ni0.8Cr0.2 target and (ii) secondly, CrN films were deposited on the top of the Ni-Cr films using rf magnetron sputtering at 100 W with Cr-target and applying N2/Ar+N2-ratio of 37.5 %. The X-ray diffraction patterns of the Ni-Cr/CrN bilayer films grown by sputtering at room temperature on glass substrates are shown in Figure 5. As can be recognized, all the Ni-Cr/CrNi bilayer films show an X-ray diffraction peak at around 2= 44.24°, which corresponds to the (111) reflections of the fcc phase Ni2.88Cr1.12, and others located at 2=27.54° and 43.21° which correspond to the (200) and (111) reflections of the phase CrN. This result is consistent with individual films deposited onto glass substrates independently.
On annealing at 300 °C, however, the intensity levels of (111) reflections belonging to the phase CrN were reduced, indicating, that the crystallinity or crystal quality of the CrN layers also decreases. Possibly this effect is related to the passivation of Cr and the phase formation of amorphous Cr2O3 [30]. More detailed results on the microstructural evolution of bilayer thin films obtained by transmission electron microscopy and analytical identification of the phase compositions is presented and discussed in the following.
Figure 6 shows a cross-section micrograph taken by TEM along with corresponding results obtained from SAD analysis for as-deposited Ni-Cr/CrN thin films. The total bilayer film thickness amounts to approximately 110 nm. Different crystalline structures including the upper, metallic and bottom nitride layer can be observed. The Ni-Cr layer is ~68 nm and the covering CrN layer has a thickness of 40 nm, as shown in Figure 6(a). In between both layers, an amorphous interphase layer (oxidation layer) of approximately 3 nm is observed. Figure 6(b) clearly demonstrates the amorphous character of this interphase region. Local oxidation of the Ni-Cr surface could have resulted from vacuum breaking after the deposition of metallic film. This means that the surface of Ni-Cr films was significantly oxidized at room temperature. The films were deposited using DC magnetron sputtering where are removed from a Ni-Cr alloy solid target by ion bombardment and deposited on a substrate in atomic layers. It is one of the most flexible and controllable methods of generating a metal vapor in a vacuum. Therefore, higher activity was existed after films formation which was easy to react with oxygen after contact air. Analytical results by HRTEM of this bottom metallic layer are also shown in Figure 6(b) and reveal the presence of Cr1.12Ni2.88 crystallites. Cr1.12Ni2.88 alloy is extensively used as high-elasticity, electrical resistance and thermocouple materials due to its outstanding resistance to high temperature oxidation and good wear resistance.[31] The same representation in figure 6(c) shows the presence of microcrystalline phases in the upper CrN layer. According SAED (Selected area electron diffraction) analysis, there are two crystalline structures that can be observed. One is the phase Cr1.12Ni2.88 and the second one is CrN, as shown in Figure 6(c). These TEM analysis results are consistent with XRD outcomes. However, the CrN thin films were successfully deposited on the Ni-Cr films by rf reactive magnetron sputtering at room temperature without heat treatment. The result demonstrates that CrN films were a cubic structure, with (220) and (200). It also showed the columnar structure in CrN films as shown in Fig.6(a). 
Figure 7 shows a cross-section TEM micrograph and a corresponding SAED analysis of                    bilayer Ni-Cr/CrN films annealed at 300 °C. The annealed bilayer films did not in contrast to the as deposited condition shows any amorphous structures between the metallic bottom Ni-Cr layer and the CrN coating on the top of it, as shown in Figure 7(a). It means that an oxidation layer was disappeared after annealing. We think that oxygen atoms diffuse into Ni-Cr or CrN films during annealing. As we known, diffusion is often accompanied by thermodiffusion, or mixture separation under the action of the thermal gradient. [32] Thus, thermodynamically the greater possibility of reaction is the one in which there is maximum decrease in free energy change. [33]
HRTEM analysis again proves the presence of Cr1.12Ni2.88 crystallites and CrN crystallites also in the annealed condition (Figure 7(b)). According to SAED observations, the crystalline phases present are the same as in the as-deposited thin films: Cr1.12Ni2.88 and CrN, Figure 7(c). Upon annealing the original thicknesses of the CrN was reduced down to values slightly below 30 nm compared to approximately 40 nm in the pristine state. The thickness of the metallic Ni-Cr layer expanded slightly upon annealing but remained virtually the same (68 nm for the as-deposited, 72 nm for the annealed film).
According to Matthiessen's rule, the resistivity of a continuous film is a cumulative effect of various electron scattering processes in the film. The resistivity (T of the film is given by the relation

(T = (B + (S + (I----- (1)

where (B, (S and (I, are contributions made to the total resistivity of the film due to scattering at ideal lattice (same as bulk), scattering at film surface (dependent on film thickness) and scattering at imperfections (grain boundaries, impurities) respectively [34].
Figure 8 shows the effect of the annealing temperature on the temperature coefficient of resistivity (TCR) and on resistivity of bilayer Ni-Cr/CrN films in comparison to single Ni-Cr films. The TCR-values for bilayer Ni-Cr/CrN films and uncoated metallic Ni-Cr films prior to annealing were -3 ppm/°C and 13 ppm/°C, respectively. These values increased for both types of samples upon annealing with increasing temperature. Moreover, bilayer Ni-Cr films annealed at 300 °C exhibit a TCR as high as 428 ppm/°C, probably because the films become more metallic in structure and character after annealing, refer to Figure 7. The resistivity values of the as deposited bilayer Ni-Cr/CrN and single Ni-Cr films prior to annealing were about 303 ·cm and 210 ·cm at room temperature, respectively. Upon annealing these values decreased with increasing temperature, as shown in Fig. 8, it means that they became more conductive. The resistivity of bilayer Ni-Cr/CrN films decreased from 303 ·cm down to 195 ·cm after annealing at 300°C, for instance. However, a similar trend was also observed for single Ni-Cr films. Therefore, it can be concluded that the annealing effect on total resistivity is mainly caused by intrinsic factors related to the metallic part of the bilayer films. Presumably, crystalline defects or poor crystallinity, which increase resistivity in as-deposited Ni-Cr films, and these crystalline defects will be eliminated mostly after annealing.[35] According to XRD and TEM analysis, it could be confirmed that a well crystallized phase Ni2.88Cr1.12 was obtained after annealing. The resistivity of Ni-Cr films is reduced to 152 ·cm from an original value of 210 ·cm. In addition, the resistivity of the bilayer Ni-Cr/CrN films is higher than single Ni-Cr films. The reason for this could be due to the reaction at the interface between Ni-Cr and CrN or due to the higher resistivity of the phase CrN (3(105 ·cm) contributes on it. [36]
The resistor device designed in the present study consists of an assembly of different materials. The final product reliability of an electronic device depends on the materials´ reliability and its ability to withstand property degradation during in operando exposure to conditions that would result in a malfunction or total failure of the device. Table 3 demonstrates, the effect of the CrN protective coating layer on the TCR and resistivity variation rate of Ni-Cr films after high temperature testing at 150°C up to 100 h. The results clearly show that the variation rate of the TCR for bilayer Ni-Cr/CrN films are much more improved compared to single Ni-Cr films, such as average change rate -22% for single films and average change rate -1.2% for bilayer Ni-Cr/CrN films, only. In the case of coating CrN acts additionally as a protective layer. The rate of resistivity change is, however, small in both bases: uncoated Ni-Cr and coated Ni-Cr/CrN. Finally, it can be concluded, that Ni-Cr/CrN bilayer films retain stable electrical properties with temperature various even after high temperature testing.
4. Conclusion 
a. Ni-Cr thin film:

A Ni-Cr thin film was prepared using DC sputtering from targets of a Ni0.8-Cr0.2 casting alloy. The The Ni-Cr crystalline phase (Ni2.88Cr1.12) is obtained for the annealed films, the intensities of the (111) refection peaks is significantly enhanced at 300 (C annealing. The as-deposited Ni-Cr film showed a resistivity of (210 (((cm with a TCR of (13 ppm/°C. However, the Ni-Cr film annealed at 300 (C exhibited a resistivity of (152 (((cm with a TCR of (460 ppm/°C, and TCR average change rate of Ni-Cr films is -22% after 150 (C for 100 h testing.
b. bilayer Ni-Cr/CrN films:

bilayer Ni-Cr/CrN films were prepared onto glass and Al2O3 substrates as thin film resistors using sputtering methods. For CrN films deposition, the good crystallization of CrN films were obtained, the crystallization of fcc CrN in thin films grown by reactive DC magnetron sputtering only at concentrations N2/Ar+N2 for the reactive nitrogen gas of about 25 %. There is an amorphous structure with 5 nm thickness between the Ni-Cr and CrN layer observed for as-deposited films. This amorphous structure disappears when samples were annealed at 300 (C. The electrical properties indicated that the bilayer Ni-Cr/CrN films (as-deposited) exhibited the smallest temperature coefficient of resistance (-3 ppm/(C) with the resistivity 303 (((cm. TCR average change rate of bilayer Ni-Cr/CrN films is -1.2% after 150 (C for 100 h testing. For bilayer films, Ni-Cr films can be protected when CrN film is the upper layer. For practical purposes, it is important for films with a small TCR to possess high resistivity. In this study, the introduction of the CrN upper layer concept can effectively enhance Ni-Cr based thin film electrical properties, satisfying the requirements for thin film resistor applications.
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