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The paper presents the impact of lighting type and direction on measurements of surface asperities using focus-variation microscopy. Particular attention was paid to the direction of lighting when using a light ring. It was pointed out that the lighting direction directly affects the values of the parameters Rt, Rz, and Rc. The article also presents the impact of a light polarizer on the surface topography parameters. It has been shown that the positioning of a sample with a regular and directed structure relative to the optical axis of the light polarizer affects the accuracy of mapping surface asperities. The largest differences were observed for Rz and Rt parameters. A method of using an external polarizer mounted on a focus variation microscope lens was also presented.
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INTRODUCTION

The manufacturing process's design is related to the understanding of structural requirements for the surface of materials in order to provide determined properties and performance parameters. An integral part of this procedure is the metrological analysis of the surface during and after the completion of the technological process. Therefore, the choice of a control method and a measuring device for the materials' surface analysis is important. It is also important to ensure the reliability of surface mapping, along with the performance parameters such as resolution and measuring extent, and the time of measurement, which in turn translates into the cost and utility of a device.

The most current devices for measuring the spatial topography of a surface are contact profilometers. Their usage is related to long data acquisition time (in the case of stereometry). The contact profilometer's flaw is the need for the tested element to make contact with the measuring sample and the possibility of scratching it during the measurement (Dobrzanski and Pawlus, 2005; Wieczorowski, 2013).

No-contact profile devices to measure objects, in which there is no contact between the measuring tip and the measured surface, are being manufactured through the addition of optical heads. There are also groups of profilometers that use structural light, which covers a larger area of the analyzed surface (Lange, 1993; Jordan, 1998; Tiziani et al., 2000; Mathia et al., 2011). Measurements using contactless methods are burdened with additional errors, resulting from internal reasons such as drive trains, as well as external ones such as vibrations or temperature changes. Some interfering factors can be eliminated, but it is necessary to be aware of disturbances and the methods' limitations. Occurring disruptions and methods to reduce them in non-contact measurements of surface asperities are presented in publications (Gao et al., 2007; Giusca et al., 2012; Giusca and Leach, 2013; Leach et al., 2015).

Focus variation microscopes are an interesting type of optical instrument for measuring surface topography. Precise optics are the main element of this measuring system. They include various lens systems that can be equipped with measuring lenses, which allows measurements with different resolutions. The semipermeable mirror directs the beam coming out of the source to the optical path of the system, and the lens focuses it on the measured element (Nayar and Nakagawa, 1994; Helmli, 2011). Depending on the topography of the tested element, the light reflects on the surface of the object when it reaches it. All the rays reflected from the test object reaching the lens are registered by the sensor behind the light dividing system. Due to the small depth of field of view (appropriate lens of the device), only a small area of space is sharp. To fully detect the surface at full depth of field, the precision optical system is displaced relative to the table where the sample is placed. Displacement can be achieved by a table or optical system along axis Z. During this motion, sharp images representing the asperities and geometry of the measured surface are continuously registered (Leach, 2011; Kapłonek et al., 2016; Brzozowski et al., 2017). This means that every part of the object has been reproduced in the image with the appropriate sharpness and resolution. A special calculation algorithm converts the data collected by the sensor into three-dimensional information with full depth of field of view. This is achieved by analyzing changes in focus along the vertical axis Z (Danzl et al., 2009; Grochalski et al., 2018). The limitations of this technique include the inability to perform measurements on transparent objects with surface irregularities below 10 nm. Difficulties in measurements are also introduced by light reflections reflected from the measured surface. There are methods to reduce unwanted effects, such as using a polarizer in the optical system or changing the intensity of incident light on the sample (Mendak et al., 2018). Interference with lighting conditions by changing parameters, changing the direction of incidence on a measured sample, or introducing additional optics can cause surface measurement errors. The reflection of light rays differs depending on the direction of light interaction on the surface, which translates to proper data acquisition. Additional optical elements such as polarizers reduce the number of rays reaching the detector and also direct the wave. This is undesirable, particularly where the reflection of the light rays acting on the surface to be measured is diffuse. Such issues are particularly important because the type of lighting chosen determines the information recorded by the detector, data acquisition, and subsequent analysis (Aydin and Akgul, 2008; Billiot et al., 2013; Pertuz et al., 2013). Therefore, the question of how lighting parameters influence the correctness of the representation of asperities of the surface becomes important.



PURPOSE AND MOTIVATION

The aim of the study was to determine the impact of lighting parameters and the direction of the incident light on the measurement of surface unevenness. The study was to determine the dependence of selected lighting parameters on the results obtained from surface topography, which in turn would enable the selection of optimal settings for making correct measurements and reducing errors resulting from methodology. Similar studies are presented in Giusca et al. (2014) and Le Goic et al. (2016). The most important aim was to determine the polarizer's influence on the measurement of surface asperities and the impact of the polarized light's direction on surfaces with oriented structure (e.g., scratches, grooves). Previously, this type of research was not carried out in the measurement of surface roughness. Determining the relationship between light polarization and surface asperities' parameters can result in the most accurate representation of measured value.



TESTED OBJECT

For the tested object's measurements, the focus-variation microscope was used. The test object was a pattern type C marked with 530x PJ89 symbol with parameter Ra =1 μm. The pattern was placed on the measuring table of the device and additionally secured against moving (Figure 1A). The grooves of the reference plate were positioned parallel to the optical axis Y of the microscope and settings were made at ×100 magnification (Figures 1B,C). The measurement was made at vertical resolution 0.02 μm and ×50 magnification for the same sample area in order to compare the effect of lighting parameters on selected surface parameters such as:

• Rp - Maximum peak height of the roughness profile,

• Rz - Maximum height of roughness profile,

• Rt - Total height of roughness profile,

• Ra - Arithmetic mean deviation of the roughness profile,

• Rc - Mean height of the roughness profile elements.


[image: Figure 1]
FIGURE 1. The view of the tested surface on the device—setting of the sample in relation to axis Y: (A) the view of the device, (B) the view of the actual surface, and (C) the view of surface topography.




RESEARCH METHODOLOGY


The Direction of Incident Light

The test was carried out for various types of lighting. This model of optical profilometer allowed the sample to be illuminated with a light ring and with light that passes through its lens (coaxial lighting). The light ring made it possible to regulate the light intensity by selecting the area/sector to be active. The scheme and marking of individual sectors, as well as the nomenclature used for marking individual measurements, are shown in Figure 2. For national value of the measurement in regard to the influence of light condition, assume the light coming from the profilometer lens was compared. Based on this measurement, measurements which use light ring were carried out, lighting individual combinations of the light sectors. The results are summarized in the table and in the graph. Additionally, a 3D view of the analyzed surfaces for the light coming out of the lens is presented, as well as the most unfavorable variant (in terms of discrepancies in surface topography parameters) using the light ring.


[image: Figure 2]
FIGURE 2. Markings of individual light sectors of the ring.




Polarization

This type of study was based on the comparison of surface parameters obtained without a polarizer and parameters obtained with the polarizer implemented to the optical system. For this purpose, the same surface was tested without changing the position of the sample, which is the case of determination of influence of the lighting direction. In addition, the influence of changing the light's polarization direction was checked. The variable parameter in this experiment was the orientation of the polarizer in the optical system of the profilometer in the range of 0°-180° in regard to a still sample. For the national value of the measurement, to which the influence of polarization of light and polarizer settings were compared, the light from the light ring was adopted with all segments enclosed (without enclosed polarization). The task of the polarizer, in accordance with its purpose, is to eliminate reflections coming from the tested surface. A change in the orientation of the polarizer axis was to determine the influence of the reflection's reduction and to limit light diffraction on the surface of the sample (at its edges, in the valleys and at the tops). The notion of the experiment is shown in Figures 3, 4.


[image: Figure 3]
FIGURE 3. The diagram of scattered light falling on the tested surface: (A) the direction of the light falling on the surface and (B) light diffraction at the tops of the sample.



[image: Figure 4]
FIGURE 4. The diagram of polarized light falling on the tested surface: (A) the direction of the light falling on the surface and (B) limitation of light diffraction at the tops of the sample.


Figures 3A,B show a non-polarized, diffused light penetrating and refracting at the tops of the pattern. Figures 4A,B show polarized light with limited diffraction. The effect of this treatment is a more realistic reflection of shadows that develop on the surface, the essence of using the ALICONA profilometer. This effect is advantageous especially while using directional light.

Tests were also carried out using the external, rotatable polarizer placed in front of the profilometer lens.

• The polarizer mounted in the rotary holder put on the profilometer lens, designed for tests with the use of light coming out of the lens (Figure 5).

• The polarizer mounted in the rotary holder placed on the light ring (Figure 6).


[image: Figure 5]
FIGURE 5. External polarizer placed in front of the lens of the ALICONA profilometer for the use of light coming of the lens: (A) the view of a cross-section of the external polarizer fixing and (B) the actual assembly of the polarizer on the lens of the ALICONA profilometer.



[image: Figure 6]
FIGURE 6. External polarizer placed in front of the lens of the ALICONA profilometer for usage with light ring: (A) the view of the external polarizer fixing and (B) the actual assembly of the polarizer on the light ring.


The use of an external light polarizer aimed to accelerate the angular arrangement of the polarization axis. Due to the introduction of an additional element in the optical system of the device, causing internal light refraction and lack of possibility to set precise focus for the objects with magnification higher than ×20, the test is this variant was not continued.



Results and Data Analysis

The tables (Tables 1, 2) and graphs (Figures 7–9) show data on the influence of light direction on the obtained parameters of the measured surface. A comparison of Rp, Rz, Rt, Ra, and Rc values for scattered and polarized light was carried out. Additionally, the differences between the obtained values of diffused and polarized light were correlated with the different directions of light falling. Because of the partial absorption of the light by the polarizer system for some settings of the light ring (lighting of individual sections), data acquisition was not possible.


Table 1. Indication of active light sectors corresponding to the results marked on the diagram (Figures 7, 8).

[image: Table 1]


Table 2. Indication of active light sectors corresponding to the results marked on the diagram—differences between non-polarized and polarized light (Figure 9).

[image: Table 2]


[image: Figure 7]
FIGURE 7. Graphic representation of the surface parameters without light polarization depending on active light sectors.



[image: Figure 8]
FIGURE 8. Graphic representation of the surface parameters with light polarization depending on active light sectors.



[image: Figure 9]
FIGURE 9. Graphic representation of differences of the surface parameters for non-polarized and polarized light obtained at various active light sectors.


Tests also included the influence of the alignment of the polarization axis in regard to the tested pattern. The polarizer was set in the range of 0°–180°. The obtained data is presented on the radial graph (Figure 10).


[image: Figure 10]
FIGURE 10. Graphic representation of surface parameters depending on the angle of polarizer's optical axis in relation to the surface.


The obtained data present a significant increase in parameters Rt, Rz, and Rp for the grooves of the pattern positioned parallel to the axis of polarization. The decrease of the parameters' values was observed when the polarization axis was set at the angle 25° to the grooves of the pattern. This is caused by the suppression of the polarized light wave in the unevenness of the surface, thus resulting in the disturbance of the return signal that falls on the profilometer's detector. The obtained surface topography images for the setting of axis polarization at a different angle in relation to the tested surface is presented in Figures 11A,B, 12A,B. The illustrations show the most favorable and the most distorted image, corresponding to the angular settings for parameters 0° and 25° shown in Figure 10.


[image: Figure 11]
FIGURE 11. Surface obtained during polarized light measurement—polarization axis set parallel to the order of the pattern (0°): (A) 3D surface view and (B) 2D profile.



[image: Figure 12]
FIGURE 12. The surface devoid of details obtained during polarized light measurement—the set polarization axis was 25°: (A) 3D surface view and (B) 2D profile.


For the measurement made with the polarization axis set parallel to the order of the sample (Figure 11A), there are clearly visible grooves on the surface. This dependence can also be seen on the transverse profile (Figure 11B). The details present in the same measurement area cannot be observed for the setting of the polarization axis at an angle of 25°, which corresponds to the lowest obtained parameters Rt, Rz, and Rp. The obtained surface is characterized by a smoothed structure on which only a clear undulation without characteristic grooves can be seen (Figures 12A,B).

Regardless of the setting of the polarization axis in relation to the sample, Ra parameter being the reference value remains unchanged and remains at the level declared by the manufacturer of the formula Ra = 1 μm.




CONCLUSIONS AND SUMMARY

Based on the tests, it was found that the direction of the incident light on the tested surface in the optical profilometry affects the obtained surface profilometers.

The most favorable conditions for measurement are with lighting coming from the lens or parallel lighting from the light ring. In the case of the light ring, all sectors on the circumference should be turned on to ensure optimal measurement conditions. In cases of isolating individual sectors (directional light falling), we can more precisely notice the structure of the surface (randomly oriented unevenness). This finds application, in particular, while finding local tops or when it is necessary to determine parameter Rz. By using directional light, a longer time of exposure is necessary, which translates into longer measurement time. The use of directional lighting is recommended for specific types of surfaces. This also requires attention to the orientation of the sample in relation to the axis of the profilometer's table. In the most favorable variant selectively chosen light sectors, differences reaching up to 27% for Rz and Rt parameters were noted.

The biggest differences were observed in the measurements using the polarizer in which the orientation was changed in relation to the sample, which has a directional surface structure such as rows or scratches. Different surface parameters were obtained depending on the angle setting of the polarization axis, as well as different projections of the transverse profile.

The biggest values for the Rp, Rz, and Rt parameters occurred when the polarization axis was placed parallel to the grooves that occur in the structure of the tested surface. Differences between the values of selected parameters are up to 95%: from 2 to 3.9 μm. In this case, the obtained topography of the tested surface shows the largest number of details. In other angular settings, parameters' values were decreasing, and the transverse profile reflected the topography of the pattern imprecisely.

An attempt made by using the external polarizer (placed in front of the lens) obtained images that were characterized by poorer focus due to internal light reflections. This type of solution can only be only used for small magnifications up to ×20.
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