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A wide-field high resolution microscopy with sub-micron resolution and high contrast image was demonstrated by using the isotropy frequency-domain extension imaging (IFEI), which was successfully applied to submicron-scale structure detection of fused silica wafer for the first time. Employing the frequency-domain extension and the isotropic period matching, the IFEI extended the bandwidth of coherent transfer function of the conventional wide-field microscopy, thereby improving the resolution to break the diffraction limit. In this method, a quantitative measurement of 200 nm was achieved using fused silica wafer with prefabricated etched structure on the surface. By imaging 81 nm gold nanoparticles, the system resolution calibration was achieved. And corresponding system’s lateral resolution of approximately 179.5 nm was obtained, which was 1.72 times higher than the conventional wide-field microscopy image. Moreover, the reconstructed IFEI images of ultra-precision processed fused silica optics were demonstrated to present the finer structures of sub-micron digs and scratches formed in the optics manufacturing process.
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INTRODUCTION
Fused silica material is widely used in high-energy laser, space detection, remote sensing imaging, biomedical microscopic imaging and other fields due to its outstanding optical properties. In high-energy laser devices, the demand for fused silica material is extremely large, but laser-induced damage is prone to occur under high throughput conditions, which has become one of the key issues restricting the further increase of the throughput of the high-energy laser system [1, 2]. The existing studies have shown that defects (sub-micron to tens of micron scale lateral dimensions defects, and surface cracks) generated during the manufacturing process are the natural source of the decreasing of laser-induced damage threshold of fused silica optics [3–7]. With the rapid development of precision manufacturing technology for optical components, effective control of defects above several micrometers has been achieved, and corresponding the damage threshold of optical elements has been greatly improved. However, it is still about an order of magnitude lower than the intrinsic threshold of materials, so the high damage threshold defects at the sub-micron scale have become a key limiting factor for further improvement of the damage resistance of fused silica optics [8, 9]. How to effectively suppress sub-micron defects has become an important scientific problem in the fields of precision manufacturing and laser damage resistance.
If you want to suppress or eliminate it, the first rule is to find it. At present, the methods for characterizing surface defects of fused silica optics mainly include optical microscopy, optical scattering [9, 10], interference [11], laser confocal microscopy (LCM) [12, 13], scanning probe-based microscopy (SPM) [14], atomic force microscope (AFM) [3, 15] and scanning electron microscope (SEM) [3, 15]. Limited by the Abbe-Rayleigh diffraction limit, microscopy and optical scattering methods can only achieve defect detection within a certain range of scales (>λ/2) [16, 17], and just can obtain two-dimensional morphological information of defects. AFM and SPM with high spatial resolution can obtain three-dimensional topography of defect space, but the detection efficiency is extremely low, and the work distance is ultra-short. Therefore it is extremely difficult to apply to the detection of fused silica optics. SEM is major applied in the surface morphology detection of conducting materials. The optical components usually need to be treated with gold spraying and other methods, which will cause intrusive pollution and is almost repulsive for precision optics. Although LCM uses a specially modulated incident light to obtain a smaller focused spot size, its improvement process depends entirely on the wavelength of the illumination laser and the numerical aperture of the microscope objective lens. It cannot break the diffraction limit and the detection method based on point-by-point scanning stitching imaging has low detection efficiency for optical elements. Consequently, the shortcomings of existing detection methods directly limit further improvement of the precision manufacturing level of fused silica optics, which affects the suppression of effects and the upgrading of surface processing technology. Therefore, we aim to investigate a high resolution imaging technology which is suitable for sub-micron scale defect detection of fused silica optics.
On the other hand, many attempts to break the diffraction limit and achieve super-resolution have achieved great success in fluorescent imaging. These super-resolution techniques such as stimulated emission depletion (STED) [18, 19], fourier ptychographic microscopy (FPM) [20, 21], structured illumination microscopy (SIM) [22, 23], stochastic optical reconstruction microscopy (STORM) [24] and photoactivated localization microscopy (PALM) [25], have been developed based on structure pattern illumination or single molecular location. However, most of these super-resolution techniques need to be combined with fluorescence processing to achieve super-resolution microscopic imaging, which are mainly applied in the biomedical field. And only frequency-domain extension super-resolution imaging has been developed into the non-fluorescent field [22, 23, 26–31], which does not require fluorescent treatment of the test sample, and has a fast imaging speed with wide imaging field, but when observing the phase sample without any processing, the imaging contrast is low, and often requires the use of gold nanoparticles and differential interference contrast module to assist imaging, or needs to have contrast samples to achieve high-contrast imaging make them poorly suited for transparent phase sample. Therefore, we have comprehensively transformed the optical path and high-resolution reconstruction algorithm of the traditional frequency-domain extension high-resolution imaging system. While greatly improving the imaging quality of the system and reducing the size of the optical path, we have solved the problem of weak imaging contrast for transparent optical components. It provides an effective method for the detection of micro-nano defects on the surface of optical components.
In this work, we propose a wide-field high resolution microscopy by using the isotropy frequency-domain extension imaging (IFEI), which is capable to provide high resolution and high contrast images with sub-micron scale defects on the surface of fused silica optics for the first time. With 0.8 numerical aperture dry objective at 405 nm, an accurate high resolution imaging of the 200 nm scratch and dig defects was achieved based on the fused silica wafer. Furthermore, the system resolution calibration was demonstrate by imaging 81 nm gold nanoparticles, and the system’s lateral resolution was approximately 179.5 nm, which was 1.72 times higher than the conventional wide-field (WF) microscopy image [16, 17].
THEORY AND EXPERIMENTAL SETUP OF ISOTROPY FREQUENCY-DOMAIN EXTENSION IMAGING
Theoretical foundation of isotropy frequency-domain extension imaging
Isotropy frequency-domain extension imaging (IFEI) is also called frequency domain processing technology. The basic principle is that utilizing moiré fringe moves high-frequency information that could not pass through the system to the spectral region detectable by the optical imaging system. However, the high-frequency information limit collected by the detector is mixed with the smaller frequency information of the sample due to the frequency shift, which is difficult to distinguish directly. The post-processing of data is required to complete the separation of high-frequency information and move to the correct position in order to improve resolution. To achieve an isotropic increase of resolutions of samples, multi-directional and multi-phase sinusoidal structured light illumination is currently used (Figure 1A) [32, 33].
[image: Figure 1]FIGURE 1 | (A) Principle diagram and (B) experimental setup for the IFEI system.
More specifically, the spectral distribution of the sinusoidal function is exactly three impulse response functions ([image: image]), which have special system transfer characteristics. Therefore, merely using structured light illumination that satisfies the sinusoidal distribution on the detection sample in the spatial domain, the high-frequency information, that is, outside the diffraction limit will be transfer into the coherent transfer function (CTF) range of the optical system. The principle of isotropy frequency-domain extension imaging resolution enhancement is as follows.
The intensity of sinusoidal illumination [image: image] is given by
[image: image]
Where [image: image] denotes the spatial position vector, [image: image] are the orientation of sinusoidal illumination pattern and the initial phase of sinusoidal illumination. [image: image] is the mean illumination intensity of sample, [image: image] is the spatial frequency of structured illumination light in reciprocal space. And [image: image] is the modulation factor, which indicates the contrast of sinusoidal illumination.
In general, assuming that the intensity of the emission light [image: image] is proportional to the intensity of the excitation light [image: image] and the sample distribution function [image: image], we readily obtain the emission distribution:
[image: image]
The observed information by the detector can be described as a convolution of the intensity of the emission light and the point spread function (PSF) of the optical microscopy system.
[image: image]
Where [image: image] denotes the microscope system’s PSF, ⊗ is the convolution operator and [image: image] is the out-of-focus background noise.
To simplify the operation and better understand IFEI theorem, discussions in the frequency domain is recommend for the detected information. The Fourier transform of Eq.3 can be written as
[image: image]
[image: image]
Where [image: image] is the CTF of the microscope system, [image: image] is the low-frequency information of within the system’s CTF, [image: image] and [image: image] are normally unobservable information of the samples. That is, through the operate of a sinusoidal illumination modulation, the observable region [image: image] contain normally unobservable components of [image: image].
In order to adequately extract those two parts of new observable information, we use three structured pattern with different phases to illuminate the sample. By using the images acquired by the detector, the following matrix equation can be constructed.
[image: image]
By solving [image: image] linear matrix equation, we can get the adequately exact solution of [image: image], [image: image] and [image: image]. Subsequently, the two parts of high-frequency information are shifted back to their original position in combination with the spatial frequency of structured illumination [image: image], in the spatial space. Then, by superimposing two distinct sets of information with the inherent low-frequency information and performing wiener filtering, the spectrum expansion in corresponding illumination pattern direction can be achieved, consequently yielding an approximately doubled resolution. In addition, in order to achieve isotropic frequency spectrum expansion, the orientation of sinusoidal illumination pattern should be rotated in two or more representative directions.
Experimental setup of isotropy frequency-domain extension imaging
The schematic diagram of a 2D IFEI system is shown in Figure 1. The IFEI used ±1 diffraction order interference to generate multiple angles patterned illumination and it was totally home-built instead of building around a commercial microscope. In order to obtain optimal image contrast, a Gaussian single mode coherent laser (Coherent, OBIS FP 405LX) was used as a light source. The fiber port collimator and the custom designed precision spatial filter system were placed behind the laser to obtain the uniform and collimated Gaussian beam. Then, a polarizer and a λ/2 plate combined with liquid crystal variable retarder (LCVR, Thorlabs, LCR1-405-SP) were used. The polarization state of the laser incident on the spatial light modulator (SLM, X13138-01, Hamamatsu) was parallel to the periodic grating pattern loaded on the SLM in synchronization to get a high contrast of illumination pattern onto the specimen. A cube-mounted polarization-insensitive beam-splitter and a variable aperture slot were need to transmit the diffraction orders generated by the SLM, and the laser beam filled the active surface of the SLM, which made the SLM work at an optimal first-order diffraction efficiency. Afterwards, the diffracted orders from the SLM were focused by an aspheric lens, and a spatial mask was inserted at the focal plane of the aspheric lens to get rid of the zero order and other undesired diffracted orders. And only two ±1 order beams were focused and de-magnifies onto the back focal plane of the objective (TU Plan EPI ELWD ×100/0.8, Nikon) at positions near the opposite edges to form the illumination period near the diffraction limit via the beam adjuster. And then, the desired two beamlets interfered each other at the focal plane of the objective, forming a sinusoidal illumination pattern (Figure 1A) to achieve moiré modulation on the detection target. The fused silica sample was fixed on a precision 3D motorized translation stage with a piezoelectric actuator (Picomotor SNM01, Shinopto Inc.) with a minimum step of 30 nm to replace Z-axis for accurate focusing of the sample. A USB 3.0 CCD camera (Thorlabs, DCU224M, 8-bits, 1,280 × 1,024 pixels with pixel size of 4.65 × 4.65μm2) was employed to collect the reflected and scattered light with a tube lens. The focal length of the tube lens was 250 mm, combined with the 100×/0.8 objective, giving a total magnification of ×129.5, corresponding to a single pixel size of 35.9 nm at the sample plane of our IFEI system. Finally, six individual images were used to reconstruct a high-resolution output image, which were acquired with two different illumination patterns (0°, 90°) at three separate phases (0°, 120°, 240°) for each pattern loaded on the SLM. Figure 1B is the diagram of the experimental setup we built according to the principle diagram of Figure 1A. The full cage structures and compact modular design ensure that the high resolution imaging system has excellent resistance to environment interference, while greatly reducing the volume of the optical path with excellent engineering application capabilities.
EXPERIMENTAL RESULTS AND DISCUSSIONS
Imaging verification of fused silica surface defects
To evaluate our self-developed IFEI system for defects detection of fused silica optics, a customized optical elements (COE) was chosen as the test sample (Figure 2A). As we all know that the surface defects of fused silica are mainly divided into scratch defects and dig defects. Therefore, we prefabricated scratch defects and dig defects in standard sizes on the surface of COE, and achieved dimension calibration of etching defects by SEM. The prefabricated defects are located in a 200 μm rectangular area in the center of the COE (the red dot in Figure 2A), and the specific distribution is show in Figure 2B. It is obvious that the defects mainly composed of eight groups of scratches with different widths and eight types of digs with different diameters. The scratch linewidths (or the dig diameters) from large to small were 1 μM, 0.5 μM, 0.4 μM, 0.3 μM, 0.25 μM, 0.2 μM, 0.15 μM, and 0.1 μM, respectively. Among them, the gap width of each etching line for scratch defects was equal to the linewidth. We mainly compared the resolution achieved between the wide-field and reconstructed IFEI image of the sixth group of scratches structures (0.2 μM line width) and digs (0.2 μM diameters) on the COE.
[image: Figure 2]FIGURE 2 | (A) Image of the COE. (B) Full field of view image of the test target on the COE.
Figures 3A,B represent the image of the sixth group of scratch structures using SEM. It can be seen from Figure 3B that the minimum width of scratch defects was ∼173.1nm, and the average width of the scratch defects was ∼203 nm. Figure 3C is the conventional wide-field image as a contrast, which was obtained by using the 0th order diffraction light as a uniform illumination light source based on IFEI system (Figure 1A). Compared with Figure 3D, which was clearly imaged after IFEI reconstruction, the ∼200 nm scratch structure was far beyond the resolution limit of the wide-field microscope (δ = 0.61 405nm/0.8 = 308.8 nm). For a more characteristic analysis, Figure 3E,F show the intensity distribution of scratch structure defects in the horizontal and vertical cross sections at the dashed lines in Figures 3C,D. It is observed that the peak-to-valley ratio (VPR) in both directions of the wide-field image was basically equal to 1, which did not have the ability to resolve 0.2 μM scratch structure defects. And the intensity distributions of VPR in both directions of the resolution enhanced image was less than 0.45, which satisfied the resolution definitions [38]. In other words, 0.2 μM scratch structure defects of fused silica can be clearly resolved by using the conventional 100×/0.8 objective at the wavelength of 405 nm in IFEI.
[image: Figure 3]FIGURE 3 | Results of the SEM imaging, conventional WF imaging and IFEI imaging for the COE. (A,B) show the SEM images of 0.2 μM scratches; (C,D) show the wide-field images and IFEI reconstruction images of 0.2 μM scratches, respectively; (E,F) are the vertical and horizontal cross-sectional intensity distributions of wide-field images and IFEI reconstructions imaging along the scratch line width of the images (C,D) (Red dashed lines is the IFEI and green is the wide-field).
Considering that the detection of dig defects is usually much more difficult than that of scratch defects, we subsequently carried out a high-resolution microscopic imaging experimental study on the dig defects on the surface of the COE with a diameter of ∼200 nm. Figures 4B,C are the wide-field imaging and high-resolution microscopic imaging of 200 nm digs based on IFEI. As shown in Figure 4D, the Gaussian fitting was performed on the light intensity distributions at the equator of the dig defects in Figure 4B,C. The full width at half maximum (FWHM) of the dig defect was ∼201.3 nm in the IFEI reconstruction image, which was close to the size calibrated by SEM in Figure 4, indicating that the IFEI system had high resolution detection ability for defects ≥200 nm on the surface of fused silica. In addition, the lateral size of the wide-field imaging of the dig defect shown in Figure 4D was ∼322.6 nm, which was bigger than the diffraction limit of the optics system. The reason might be due to the strong scattering effect based on the steep edge of the digs.
[image: Figure 4]FIGURE 4 | (A) SEM image of 0.2 μM dig defects on COE; (B) and (C) show the wide-field image and IFEI reconstruction image of 0.2 μM dig defects, respectively; (D) the intensity distribution of 0.2 μM dig along the dashed lines in (B,C) with the Gaussian fitting.
System resolution calibration
To further verify the lateral resolution of the home-built IFEI system, we selected gold nanoparticles with a diameter of ∼81 nm as the detection target. The size of the gold nanoparticles was far less than the theoretical diffraction limits of our imaging system. Figures 5B,C show the results of wide-field imaging and high-resolution microscopic imaging of 81 nm gold nanoparticles. Figure 5E,F depict the corresponding spectra of the nanoparticles obtained with Figures 5B,C, and the green dash circle represents the size of the CTF of the microscope system. From Figure 5E,F, it can be seen that the CTF had changed from the green dotted line area to the red dash line area, and the range of the CTF was enlarged in all directions. In other words, the isotropic improvement of the image resolution was achieved. After Gaussian fitting, the lateral resolution of the system under the wide-field imaging was ∼305.2 nm (green dotted line in Figure 5D), which was close to the theoretical optical diffraction limit of our optical system. Figure 5D shows the FWHMs of the nanoparticles at the dotted line in Figures 5B,C. As shown in Figure 5D, the lateral limit resolution of the high resolution imaging system was ∼179.5 nm, which was 1.72 times higher than the optical diffraction limit. In summary, we have achieved optical high-resolution microscopic imaging of the defects ≤200 nm on the surface of fused silica optics for the first time. Furthermore, it can be clearly seen from Figure 3D. Figure 4C that the IFEI system has a better imaging contrast for fused silica, compared with the Zhang et al [29] who have done similar research on the surface microstructure of resolution plates based on frequency-domain diagonal extension imaging, we not only have incomparable imaging contrast, but our system has a great advantage in resolution, which is less than one third of its limit resolution.
[image: Figure 5]FIGURE 5 | (A) SEM image of 81 nm gold nanoparticles; (B) and (C) show the wide-field image and IFEI reconstruction image of 81 nm gold nanoparticles, respectively; (D) the intensity distribution of nanoparticles along the dashed lines in (B,C) with the Gaussian fitting. (E,F) represent the spectra of the images (B,C).
Process certification
Finally, in order to evaluate the imaging effect of the self-developed IFEI high-resolution microscopic imaging system on the ultra-precision processed fused silica optics, Corning No.7980 fused silica specimen was selected as the test target (Figure 6A). Equal-spacing sampling measurement was used for evaluation. Firstly, a distinct defect was selected in the central area of the sample as the starting area, and then wide-field and IFEI scanning imaging were performed on the 4 × 3 sub-area of the specimen according to the scanning strategy in Figure 6B. The wide-field and high resolution imaging of each area are illustrated in Figures 7A,B respectively. Compared each of the area images in Figures 7A,B, it can be clearly seen that, the IFEI reconstruction imaging showed more details and higher contrast than wide-field imaging. For example, the scratch edge information in IFEI imaging had been greatly improved, which did not be distinguished in wide field imaging. The magnified and blurred digs in wide-field imaging were clearly distinguished by IFEI reconstruction images.
[image: Figure 6]FIGURE 6 | (A) Image of the ultra-precision processed fused silica sample. (B). Detection strategy.
[image: Figure 7]FIGURE 7 | (A) The wide-field images and (B) the IFEI reconstruction images of 4 × 3 sub-area of the Corning No.7980 fused silica sample.
Methods for detecting surface defects of fused silica optics are summarized in Table 1. Compared with the dark field micro and conventional optical microscopy imaging, which are commonly used for surface defect detection of fused silica optics, the IFEI has excellent imaging resolution up to 179.5 nm. In addition, the IFEI not only has long work distance and high detection efficiency (field scanning), but also does not require special sample processing (SEM) and fluorescent labeling (STED, STORM, PALM). Using the IFEI, defect detection of fused silica optics with medium and large aperture will be realized by stitching scanning. And to highlight our work, some typical high resolution methods based on frequency-domain extension imaging are summarized in Table 2. It can be seen that our IFEI exhibits excellent performances especially in terms of resolution. Moreover, the detection efficiency is also competitive compared with other methods except for the FPM. But it must be noted that the detection speed of IFEI is mainly limited by the loading frequency of SLM, which can be improved by product upgraded and adopt other method to achieve phase grating switching. In future, we will further improve the imaging resolution of the detection system by adopting shorter-wavelength lasers, spatial frequency matching of structured light stripes, optimization of the system optical path and super-resolution reconstruction algorithm. It is expected to achieve defect detection of optical elements near 100 nm, which has an excellent application prospect in surface defect detection of high precision optical components and surface characteristics analysis of low-dimensional optical materials.
TABLE 1 | Summaries of surface defect detection methods for fused silica optics.
[image: Table 1]TABLE 2 | Summaries of the detection of surface morphology of fused silica by frequency-domain extension imaging methods.
[image: Table 2]CONCLUSION
In summary, a high-resolution optical microscopy was used to detect ≤200 nm defects of fused silica optics based on IFEI for the first time, to the best of our knowledge. Based on a COE resolution plate, our self-developed high-resolution detection system effectively detected sub-micron scale calibration scratches, and residual random sub-micron defects might from industrial processing with a maximum imaging resolution up to ∼179.5 nm. Compared with the theoretical diffraction limit, the system resolution of IFEI imaging was increased by 1.72 times, which had a great significance to study the behavior and mechanism of high damage threshold defects-induced laser damages on fused silica optics.
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