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Abstract

:

Residual stress in coatings often affects the service performance of coatings, and the residual stresses in some local areas even lead to premature failure of coatings. In this work, we characterized the residual stress of local micro-areas of a nanocrystalline Cr2O3 coating deposited on a Si wafer through micro-Raman spectroscopy, including the depositional edge zone where the electrode was placed, the micro-area containing Cr2O3 macroparticles, and other micro-areas vulnerable to cracks. To accurately measure the thickness of the coating, we combined optical interferometry and direct measurement by a profilometer. The results indicate the existence of in-plane tensile residual stress on the Cr2O3 coating. In thick coatings, the residual stress is independent of the coating thickness and is stable between 0.55 GPa and 0.75 GPa. As the coating thickness is less than 0.8 μm, the residual stress is directly related to the coating thickness. This in-plane tensile stress is considered as the origin of the observed microcrack, which can partially release the stress.
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1. Introduction


Chromium trioxide (Cr2O3), also known as chromium oxide, is used as a functional coating in many fields for its excellent properties such as high hardness, wear resistance, corrosion resistance and low coefficient of friction [1,2,3,4]. Cr2O3 coatings are usually prepared by gas phase deposition. Along with the formation of thin films, residual stress is often introduced into the Cr2O3 coating [5], exerting a strong influence on the interface toughness, adhesion, and carrying capacity of the coating [6], thus affecting functionalities. The correlation between the film thickness and its residual strain can contribute to the understanding of the origin of the residual stress, and thus provide clues to improve the preparation method to minimize these undesired strains, as well as offer benefits to the design, manufacturing, and service performance prediction of the Cr2O3 coating.



The residual stress in the coating generally includes growth stress (caused by volume expansion or epitaxial growth) and thermal residual stress (caused by differences in thermal expansion coefficients of the substrate and the coating) [7]. In most cases, growth stress in the Cr2O3 obtained during the oxidation process is compressed; however, there have been some instances where growth stress was negligible [8]. According to an X-ray diffraction (XRD) study and a calculation of the thermal expansion coefficient mismatch between Cr2O3 and its alloy substrate, compressive thermal residual stress was observed upon cooling [8,9]. XRD, one of the most commonly used methods for measuring residual stress within a coating, obtains the residual stress based on changes in interplanar spacing detected by Bragg’s law. Since the spatial resolutions along the in-plane and thickness directions of the XRD method are greater than 100 μm and 20 μm [10], respectively, the XRD method can detect the average stress in the coating but is unable to obtain the stress distribution characteristics in tiny local areas. Also, thin coatings and uneven micro-strains in the material can lead to large measurement errors [11]. The XRD method using a synchrotron radiation source with a smaller beam diameter [12] can be used as a stress distribution measurement tool with higher spatial resolution, but obviously cannot be used at a laboratory scale. The curvature method is also commonly used to measure the residual stress on a coating [13,14,15]. It calculates the residual stress using the method reported by Stoney [16] based on changes in the curvature of the substrate before and after coating preparation. The curvature method can measure the in-plane average residual stress of the coating, but not the local residual stress. The cantilever method is also used to measure the average residual stress [17]. However, the destruction of a coating often begins with a region with a localized defect or special topography areas [18,19]. Therefore, the stress in such local areas should be fully understood. This goal can be achieved by the Focused Ion Beam (FIB)-Digital Image Correlation (DIC) method [20]. Unfortunately, the fundamental aspect of the FIB-DIC method lies in the use of FIB for the material removal process, which determines the destructive nature of this method. In the measurement of microstructure mechanics, micro-Raman spectroscopy has unique advantages for it is not only non-contact, but also requires no special sample preparation. Especially due to the small probe of the incident beam and modern scanning ability, micro-Raman spectroscopy serves as an excellent tool for nondestructive characterization of local stress [5,21]. Kang et al. [22] previously used micro-Raman spectroscopy to study the local residual stresses in film structures, and they obtained the residual stress distribution in the etched transitional region and the cracked area of the porous silicon film. Qiu et al. [23] obtained the distribution characteristics of residual stresses along the depth of the multi-layer semiconductor heterostructure, within a few microns, through Raman mapping. Kemdehoundja et al. [24] used Raman spectroscopy to study the geometrical shapes of bubbles in a Cr2O3 film and the distribution of residual stress along with the bubbles in the film, concluding that the flaking of the Cr2O3 coating was related to the morphology and residual stress of the bubbles. In this study, micro-Raman spectroscopy was applied to measure the local residual stress of the micro-area in the Cr2O3 coating on the silicon substrate where arc ion plating grew, including the depositional edge zone where the electrode was placed, the micro-area containing large macroparticles, and the micro-area containing the crack.




2. Materials and Methods


2.1. Cr2O3 Coating Material


The Cr2O3 coating was deposited on the silicon wafer through arc ion plating [25]. By controlling the deposition time, coating thickness was controlled to be about 3.5 μm. The temperature was 300 °C during the deposition process. As observed by the scanning electron microscope (SEM), the columnar grains of Cr2O3 were randomly arranged along the thickness direction, and the cross-sectional shape of the columnar grains was polygonal with an average size of 34.6–38.4 nm. More detailed information about the coating can be found in reference [25].



It can be seen from the optical microscope that the Cr2O3 coating exhibits many interference fringes in the depositional edge zone where the electrode was placed, as shown in Figure 1a. The closer the Cr2O3 coating is to the edge, the clearer the interference fringes are. According to the images obtained by the atomic force microscope at the interference fringes (Figure 1b), there is no step-like mutation in the height of the coating at the interference fringes. Additionally, there are many hill-like macroparticles with different heights and diameters on the surface of the coating. As indicated by the observation results gained by the optical microscope with a higher magnification (Figure 1c), the diameters of the macroparticles range from dozens of nanometers to several micrometers. It can also be seen from Figure 1c that there are many fine cracks on the surface of the coating. These cracks begin to appear about 400 μm away from the depositional edge. The local residual stress was investigated by conducting measurements on the location of the depositional edge and the micro-areas containing large macroparticles and cracks.




2.2. Experimental Test


The micro-Raman spectral information was collected using a Renishaw InVia Reflex laser Raman spectrometer (Wotton-under-Edge, Gloucestershire, UK), with a 532 nm laser, backscattering, 50× objective lens, 2400 lines/mm grating, a laser spot diameter of less than 2 μm on the sample surface, and a spectral resolution smaller than 1 cm−1. The automatic line mapping function of the instrument was applied to conduct the measurement. In the depositional edge zone, the measurement was conducted from the silicon substrate along the direction perpendicular to the interference fringes. The measurement step size was 2 μm in the area densely distributed with interference fringes. After measuring for a length of 150 μm, the step size was changed to 10 μm, and another 150 μm was measured (there were no cracks in the whole measuring area). For the micro-area with the large macroparticle, with the macroparticle as the center, a length of 40 μm was measured at a step size of 2 μm. Similarly, for the micro-area with a crack, at a step size of 2 μm and with the crack as the center, a length of 40 μm was measured along the direction perpendicular to the crack.



The thickness of the Cr2O3 coating in the depositional edge zone was obtained using a Bruker DektakXT profilometer (Karlsruhe, Baden-Württemberg, Germany).





3. Results and Discussions


3.1. Raman Peaks of the Cr2O3 Coating


The typical Raman spectrum of the Cr2O3 coating measured in the experiment is shown in Figure 2. Cr2O3 has four Eg modes (~296 cm−1, ~350 cm−1, ~525 cm−1, and ~612 cm−1) and one A1g mode (~551 cm−1), which is consistent with the measurement results in reference [26,27,28]. Based on the measurements, the Raman spectrum of the large macroparticles on the surface of the coating also had the same Raman mode, indicating that the large macroparticles were Cr2O3 aggregates. Among all the peaks of Cr2O3, the A1g mode corresponded to the strongest peak, so it was used in this study to analyze stress. To determine the Raman peak position of the zero-stress state, the Raman spectrum of the Cr2O3 powder scraped off from the coating was measured. The average peak position of the A1g mode of the powder obtained through Lorentz fitting was about 553 cm−1, which is consistent with the results calculated in reference [27,29]. Hence, 553 cm−1 was used as the unstressed reference peak position of the A1g mode in this study. The illustration in Figure 2 shows the comparison of the Raman A1g mode of powder scraped off the Cr2O3 coating and the Raman A1g mode of Cr2O3 macroparticles on the surface of the coating, as well as its comparison with the A1g mode of the coating. It was found that, compared with the powder scraped off the coating, the A1g mode of the Cr2O3 macroparticles on the surface of the coating was significantly wider on the left side, which may have been caused by the presence of more defects in the Cr2O3 macroparticles [30].




3.2. Thickness of Coatings in the Depositional Edge Zone and Penetration Depth of the Raman Spectrum


The interference fringes in the depositional edge zone observed by the eyepiece of the optical microscope were colored, as shown in Figure 3a, which was a result of equal thickness interference produced by the white light for illumination on the upper and lower surfaces of the Cr2O3 coating. The difference in thickness between the coatings, corresponding to the adjacent interference fringes, was calculated using the following equation:


Δh=λ2n,



(1)




where λ is the wavelength of light and n is the refractive index of the light with a wavelength of λ in Cr2O3. For example, with a yellow light wavelength (λ) of 589 nm and a refractive index (n) of 2.551 [31], the calculated result was about 0.1154 μm. Based on this, the thickness of the Cr2O3 coating at any level of the interference fringes could be determined. Considering that the center of the interference fringe corresponding to yellow light was at the junction of the red fringe and the green fringe, the thickness of the Cr2O3 coating was calculated as shown by the blue sphere in Figure 3b. The discovered thickness was in good agreement with the coating thickness measured by the profilometer (solid black line in Figure 3b), indicating that sparse interference fringes corresponded to slowly varying thicknesses, while dense ones corresponded to rapidly varying thicknesses. The farther from the edge of the coating, the more blurred the interference fringes, because as the coating gets thicker, the light reaching the lower surface of the coating and the light reflected by the lower surface decreases in intensity.



The penetration depth of the Raman spectrum in the Cr2O3 coating could be inferred from the coating thickness and the variation of the Raman peak intensity at different positions of the coating. Figure 3c shows the morphology of the Raman spectrum at different locations in the depositional edge zone. From the edge to the inside of the Cr2O3 coating, the intensity of the 520 cm−1 peak of the substrate single crystal silicon was gradually reduced, while the intensity of the A1g peak of the Cr2O3 coating gradually increased. Figure 3d shows how the intensity of the A1g peak changes specifically with its position. Since the intensity of the A1g peak at the edge was too small to be fitted, it is not shown here. After about −46 μm, the intensity of the A1g peak gradually increased. Figure 3e shows the variation of the intensity of the Raman peak with coating thickness. The high order of the interference indicated a relevant intensity of reflected light. Therefore, the Raman signal of the Cr2O3 layer needs to consider the multiple reflections inside the layer. The effect on the Raman signal of films due to multiple reflections has been addressed by Wang et al. [32] and Camerlingo et al. [33]. Considering the attenuation effect and the multiple reflection effect at the interface, the Raman scattering intensity of the Cr2O3 coating can be fitted by the following Equation (2). The detailed derivation process can be found in reference [33].


I∝|t11−r1r2e−2h(b+iγ)|2{1−e−4bh4b+1−e−2bhbe−bh[Re(r2)cos(2γh)+Im(r2)sin(2γh)]+e−4bh|r2|2h}



(2)




where


t1=2n0n0+n1+ik1, r1=n0−n1−ik1n0+n1+ik1, r2=n1+ik1−n2−ik2n1+ik1+n2+ik2, b=2πk1λ, γ=2πn1λ



(3)




n0=1 is the refractive index of the light in the air, n1 and k1 denote the real and imaginary parts of the complex refractive index of the light in Cr2O3, respectively, and n2 and k2 indicate the real and imaginary parts of the complex refractive index of the light in the substrate, respectively. Equation (2) was obtained by assuming that the variation of the complex refractive index of the light in Cr2O3 with λ was negligible, when the wavelength of Raman scattered light (λ ≈ 548 nm) was considered instead of that of the laser (λ = 532 nm). After Equation (3) was substituted into Equation (2), Equation (2) was used to fit the variation of the intensity of the Raman peak with coating thickness. We used n1, k1, n2, k2 and the scale amplitude of signal intensity as free fitting parameters, obtaining k1≈0.073. We only fitted the data of the small step Raman measurement area due to the dense data points. The corresponding laser penetration depth was λ/(4πk1)≈0.58 μm. The penetration depth discovered was consistent with the penetration depth (~0.6 μm) of a 632.817nm He-Ne laser in a Cr2O3 coating reported in reference [26], and the penetration depth (0.5 μm) of a 514.5-nm argon ion laser in a Cr2O3 coating reported in reference [27].




3.3. Residual Stress Analysis in the Local Micro-Area


The variation of the Raman shift of the A1g peak in the depositional edge zone with the position is shown in Figure 4a. From the figure, the Raman shift moved to a low wave number within −132 μm (corresponding to a thickness of 0.8 μm of the Cr2O3 coating), as the change was quite slight. Δw (=w−w0, w is the experimentally obtained Raman shift with stress, and w0 is the unstressed Raman shift), the Raman shift change of the A1g peak, was used to infer the corresponding stress. The relationship between stress and Δw can be expressed by the following equation [28,34]:


σ=−Δw×0.307±0.005 (GPa),



(4)




where the unit of Δw is cm−1. Thus, when Δw was positive, the stress was compressive stress, and when Δw was negative, it was tensile stress. The above equation represents the stress-Raman shift calibration relationship established under the application of hydrostatic pressure. The column microstructures in the thickness direction of the samples we used allowed us to consider the biaxial stress state within the thin layer of the laser test. To apply this calibration relationship in a biaxial stress state, the following three conditions must be met [27,28,34]:




	
The size of the Cr2O3 crystalline grains should be smaller than that of the laser spot. In our experiment, the size of the Cr2O3 crystalline grains (34.6–38.4 nm) was much smaller than that of the laser spot (2 μm).



	
The crystalline grains should be arbitrarily oriented. In our experiment, the Cr2O3 crystalline grains were randomly arranged in the measurement plane.



	
There should be no stress gradient in the thickness of the Cr2O3 coating penetrated by the laser. Huntz et al. [8] demonstrated that the stress gradient in the Cr2O3 coating is negligible. In addition, if there was a noticeable stress gradient in the Cr2O3 coating, a corresponding noticeable broadening of the peaks in Raman spectra was to be expected. In all our experiments, the A1g peaks used were narrow, and there was no noticeable broadening compared with the peaks of powder samples (see inserts in Figure 2), which suggested that the stress gradient was weak.








Because the above three conditions did not seem to impose sufficient limits, the relational expression between stress and Raman shift was used in this study (Equation (4)). With w0 = 553 cm−1, previously obtained by the powder sample test, we calculated the variation of stress in the depositional edge zone with coating thickness, as shown in Figure 4b. It should be noted that the calculated residual stress σ is one half of the sum of two components, σxx and σyy, i.e., σ=0.5(σxx+σyy) [35]. Due to the random arrangement of the Cr2O3 crystalline grains in the measurement plane, we considered that the residual stress in the depositional edge zone was equibiaxial, i.e., σ=σxx=σyy. According to the figure, the residual stress was tensile; when the thickness of the Cr2O3 coating was less than 0.8 μm, the residual stress increased as the coating thickness increased, and when the thickness of the Cr2O3 coating was greater than 0.8 μm, the residual stress was stable between 0.55 GPa and 0.75 GPa, which is consistent with the measurement results in reference [26]. Specifically, for the thickness in the range of 0.1–0.8 μm, the residual stress increased linearly with the thickness, at a rate of 0.637 GPa/μm. It is worth noting that since the depth for analysis is less than 0.92 μm, the determined stress only involved the upper layer of the coating when the thickness of the coating was greater than 0.92 μm.



Thermal residual stress caused by a mismatch in the thermal expansion coefficient is one of the main sources of residual stress [7]. In this experiment, the thermal expansion coefficient of the silicon substrate was smaller than that of the Cr2O3 coating. During the cooling process, after the high-temperature deposition of the coating, the silicon substrate with less shrinkage limited the shrinkage of the Cr2O3 coating, thereby introducing tensile thermal residual stress in the coating. This thermal residual stress could be calculated based on the following equation [36]:


σth=ECOΔT(γSU−γCO)1−νCO,



(5)




where ΔT=Tf−Ti (Tf and Ti stand for the final and initial temperatures), γSU and γCO denote the expansion coefficients of the substrate and coating, respectively, and ECO and νCO represent the Young’s modulus and Poisson’s ratio of the coating, respectively. The parameters measured in reference were used to estimate the thermal residual stress in the Cr2O3 coating. The expansion coefficient of Cr2O3, γCO, = 7.85 × 10−6 K−1 [37], the expansion coefficient of silicon, γSU = 2.56 × 10−6 K−1 [38], the Young’s modulus and Poisson’s ratio of Cr2O3 are ECO = 314 GPa and νCO = 0.28 [8], and ∆T = (293.15 − 573.15) K = −280 K, so the calculated σth was 0.65 GPa. This value accounted for almost all of the residual stress in the Cr2O3 coating measured experimentally in this study, indicating that the contribution to residual stress made by growth stress was negligible, which is consistent with the measurement results obtained in reference [8]. Therefore, the tensile residual stress measured in the Cr2O3 coating could be attributed to the following factor: the thermal expansion coefficient of the silicon substrate was smaller than that of the Cr2O3 coating. The tensile residual stress was the cause of cracks on the surface of the coating. Furthermore, the property of the thermal residual stress that we measured was opposed to the thermal residual stress measured in reference [8] and reference [26], as the thermal expansion coefficient of the metal substrate they used was greater than that of the Cr2O3 coating.



The tensile residual stress measured was the in-plane stress that was perpendicular to the thickness of the coating. This stress led to a decrease in the lattice constant along the thickness direction of the coating due to Poisson contraction, agreeing with the measurement results in reference [25]. Through XRD-based measurement, reference [25] found that the lattice constant of the Cr2O3 coating, prepared using the same method, was smaller than the reference value of the standard lattice constant; additionally, the value they obtained was exactly equal to the lattice constant along the thickness direction. This was similar to the finding that “the tensile in-plane stress measured by the curvature method agrees with the compressive out-of-plane strain measured by XRD”, mentioned in reference [14].



The Raman shifts of the micro-area with Cr2O3 macroparticles and the micro-area with a crack were also obtained, and the stress obtained according to Equation (4) is shown in Figure 5. In the area with a high mutation of the Cr2O3 macroparticle edge, the stress was at an incomplete biaxial stress state, but the stress value was still given based on Equation (4) to correlate the stress measurements in the central area of the macroparticle and the surrounding coatings. However, the stress obtained from these localized areas is not used in the follow-up discussion. At the edges of macroparticles and cracks, the stress in the coating was not equibiaxial. For the crack edge, if the crack penetrated the coating completely along the thickness direction, the stress at the crack edge was expected to be σyy/2, i.e., in the range of 0.275–0.375 GPa (it can be assumed that the σxx at the crack edge approached zero, while σyy was almost unaffected). However, the measured stress at the crack edge (about 0.45 GPa) was larger than these values, as shown in Figure 5a, indicating that the crack did not penetrate the entire coating thickness and that σxx was not completely released. The stress gradually increased with larger distance from the crack, until the equibiaxial stress state was restored. For the macroparticle area, except point A on the right side of the macroparticle (Figure 5b), the measured stress in the coating ranged from 0.55 GPa to 0.75 GPa, indicating that the region with a non-equibiaxial stress state around the macroparticle was very small. In other words, the effect of the Cr2O3 macroparticle on the residual stress in the coating of its surrounding area was very small. This conclusion was further confirmed by the fact that the residual stresses on both sides of the smaller Cr2O3 macroparticles were equivalent (marked by the hollow ellipse in Figure 5). The stress towards the top of Cr2O3 macroparticle was relatively small, indicating that the Cr2O3 macroparticles on the Cr2O3 coating were less affected by the silicon substrate during the process when the coating was prepared and cooled to room temperature.





4. Conclusions


In this study, the thickness of the depositional edge zone of a Cr2O3 coating on a silicon substrate was measured, and the variation of residual stress with thickness was explored. The thickness of the coating was calculated based on the fringes observed in the depositional edge zone and was exactly the same as the thickness measured using a profilometer. The Raman spectrum information in this area was collected, and the penetration depth of a 532 nm laser in the Cr2O3 coating was determined according to variation of intensity of the Raman spectrum. The relationship between the residual stress and the coating thickness was established according to the Raman shift. Based on the data, it was found that there was in-plane tensile residual stress on the Cr2O3 coating, which is a major cause for the formation of microcracks on the coating surface. In the depositional edge zone, towards the inside of the coating from the edge, the coating thickness gradually increased. When the coating thickness was less than 0.8 μm, the residual stress was directly related to the thickness. Conversely, when the thickness was greater than 0.8 μm, the residual stress was stable in the range of 0.55–0.75 GPa. Moreover, the residual stresses in the micro-area with cracks and the micro-area with Cr2O3 macroparticles were also measured. It was discovered that the effect of Cr2O3 macroparticles on the residual stress in the coating of the surrounding area was very small. The residual stress was only partially released at the crack.
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Figure 1. (a) Microscope image showing the morphology of the depositional edge zone of the Cr2O3 coating; (b) Atomic force microscope image showing the morphology of the depositional edge zone of the Cr2O3 coating; and (c) Microscope image showing macroparticles and cracks on the surface of the Cr2O3 coating. 
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Figure 2. Raman spectrum of the Cr2O3 coating. The inserts show amplified A1g modes of the coating (black line), the scraped powder (red line) and Cr2O3 macroparticles on the surface of the coating (blue line). 
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Figure 3. (a) Optical microscope images of the depositional edge zone of the Cr2O3 coating, with the white dashed line indicating the position scanned by the Raman line; (b) Variation of coating thickness with the position in the depositional edge zone, where the solid black line denotes the results measured by the profilometer and the blue sphere denotes the results calculated according to the series of the interference fringes; (c) Variation of intensity of the Raman peak with the position in the depositional edge zone; (d) Variation of integral intensity of the A1g mode of Cr2O3 with position; (e) Variation of integral intensity of the A1g mode with the thickness of the Cr2O3 coating (circle) and the fitted curve by Equation (2) (blue line). 
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Figure 4. Variation of Raman shift and stress in the depositional edge zone of the Cr2O3 coating. (a) Variation of Raman shift with the measurement position; (b) Variation of residual stress with coating thickness. 
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Figure 5. Distribution of residual stress in the micro-area with a crack (a) and the micro-area with Cr2O3 macroparticles (b). The white arrows indicate the position of the cracks. 
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