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Roll-to-roll fabrication can produce a vast number of nanoscale devices on a transparent substrate 

to lower the cost of flexible electronic devices. Optical microscopy is fast, non-contact, non-

destructive, and can take real-time images over a large area. This unique feature makes the IIM 

techniques attractive for nanomanufacturing process control as an at-line metrology tool to scale 

appropriately for nanoscale devices with high precision and reliability. This high-resolution fast 

metrology system will help increase the yield and lower the cost of nanomanufacturing processes 

[61].The resolution limit can be extended to 0.25λ/NA with off-axis and incoherent illumination 

approaches. For incoherent illumination, the optical transfer function for a circular aperture is the 

autocorrelation of the circular amplitude pupil function, called the modulation transfer function 

(MTF). MTF falls from 1 to 0 at twice the coherent cutoff. Thus, for incoherent illumination, the 

spatial bandwidth extends to 2NA but with reduced fidelity at high spatial frequencies [23,62]. On 

the contrary, the electric field transfer function (ETF) is rectangular (rect) cross-sections with a 

cutoff at NA for a normal-incidence coherent illumination system. So, the ETF for an idealized 

lens and coherent illumination is uniform in the passband [23]. The transfer functions for the 

normal-incidence coherent illumination and conventional incoherent illumination for a NA =0.4 

objective lens is shown in fig.1.1 below.  

 

Fig. 1.1: Transfer functions for normal-incidence coherent illumination (ETF) and conventional incoherent 

illumination (MTF) imaging with NA =0.4 objective lens [23]. ETF is for field strength and MTF is for intensity.  
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Resolution is a complex topic that depends on the object's details and the optical system. 

We use the Abbe criterion as a straightforward stand-in for resolution since it is a simpler metric 

and define the effective resolution limit as ½ the period of the highest spatial frequency collected 

through the optical system. For normal-incidence coherent illumination, this corresponds to λ/2NA 

(R ~ 665 nm for NA = 0.4 and λ = 532 nm). This corresponds to the largest tilt of scattered light 

that is transmitted through the optical system. For off-axis illumination, R = λ/4NA ~ 333 nm. An 

optical system's ability to resolve small features increases (higher resolution) linearly with the NA 

of the objective lens [23]. A straightforward approach, therefore, to improve resolution is to use a 

higher NA objective lens. However, using a higher NA objective lens generally reduces the optical 

system's depth-of-focus, working distance, and the field-of-view. Also, a high-NA objective lens 

is expensive and has more optical aberration than a low-NA objective lens. 

Imaging Interferometric Microscopy (IIM) is a resolution enhancement technique that 

resolves these limitations using a synthetic aperture approach. Imaging Interferometric 

Microscopy achieves high effective NA while retaining the low-NA objective's desirable attributes. 

Importantly, IIM achieves an effective numerical aperture equivalent to an oil immersion lens (NA 

= ~1.4) simply with air illumination. The principle of the Optical Imaging Interferometric 

Microscopy system is described in the following sections in detail. 

1.6 Imaging Interferometric Microscopy 

Imaging Interferometric Microscopy (IIM) combines both an on-axis (conventional normal-

incidence coherent) illumination image and multiple off-axis coherent illumination images [63]. 

The resulting series of sub-images are combined computationally to form a single final image 

corresponding to a higher-NA synthetic aperture. Off-axis illumination increases the resolution by 

increasing the NA using an inclined incident beam [58]:  
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                                           𝑁𝐴𝑒𝑓𝑓 = 𝑁𝐴 + sin(𝛼𝑖𝑙𝑙)                                                  (1.2) 

Here, 𝛼ill is the incident beam angle of incidence; for the current experiments, NA = 0.4. The 

maximum effective numerical aperture (NAeff = 1+ NA = 1.4) for this off-axis illumination process 

in the air is achieved by illuminating the sample at ~ 90° (grazing incidence).  

When 𝛼ill > sin-1(NA), the zero-order transmitted beam is not captured by the objective lens. An 

interferometric reintroduction of the zero-order (reference) beam on the image side of the lens is 

necessary to restore the image frequencies. The incident angle of the zero-order reference beam, 

𝛼ref, is adjusted to shift the spectral content to the appropriate image high frequencies [58]. Fig. 

1.2(a), drawn for unity magnification for clarity, illustrates the concept of on-axis coherent 

illumination (conventional coherent-illumination microscopy) using a grating as the object, so the 

scattering from the object is simply described as a series of diffraction orders indicated by the 

index K. Fig. 1.2(b) illustrates the concept of off-axis illumination for IIM. Here, higher values of 

K represent higher diffraction orders (or equivalently scattering from smaller features). For 

reconstructing an image, a more extensive spatial frequency coverage corresponds to a higher 

resolution image. Since the 2nd and 3rd orders extend beyond the lens NA, they are not captured in 

the on-axis illumination image, as shown in fig. 1.2(a), but are captured, along with the 4th order, 

by the off-axis illumination scheme shown in fig.1.2(b). For the discussion of IIM and the 

experimental work of this thesis, we have considered a transmission microscopy system. The 

concepts of transmission IIM are valid for reflection-based IIM systems as well. 
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(a) 

 

                                                                (b) 
Fig. 1.2: (a) Imaging principle for conventional on-axis coherent microscopy, drawn as 1:1 imaging; (b) Imaging 

principle for IIM with off-axis illumination; the illumination is at an angle larger than that captured by the lens, 

requiring a reintroduction of the zero-order reference after the objective. The optical system (or the object) is rotated 

in the object plane for complete coverage of the light scattered by the object within the effective NA of the optical 

system. The lens after the adjustment stage is used to mode match the reinjected zero-order beam with the other 

diffracted orders that are transmitted through the objective lens [64]. 

 The electric field at the image plane associated with the conventional coherent illumination 

microscopy shown in fig. 1.2(a) can be described as follows:  

                                          𝐸𝑜𝑛−𝑎𝑥𝑖𝑠 =𝐸0 + 𝐸+1𝑒
𝑖𝑘𝑑x +𝐸−1𝑒

−𝑖𝑘𝑑x                                 (1.3) 

Assuming the object is a thin amplitude grating, hence, |E1 |= |E+1 |= |E-1 |. Here, k0 = 2π/λ is the 

photon wave vector, kd =2π /d is the grating wave vector with d the period of the Fourier 
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component. The respective intensity at the image plane for conventional coherent illumination 

microscopy is as follows: 

𝐼𝑜𝑛−𝑎𝑥𝑖𝑠 = (𝐸𝑜𝑛−𝑎𝑥𝑖𝑠). (𝐸𝑜𝑛−𝑎𝑥𝑖𝑠
∗) 

                                    = |𝐸0|
2 + 2|𝐸1|

2 + 4|𝐸0𝐸1| cos( 𝑘𝑑 x) + 2|𝐸1|
2 cos( 2𝑘𝑑 x)          (1.4) 

Here, 𝐸𝑜𝑛−𝑎𝑥𝑖𝑠
∗ is the complex conjugate of 𝐸𝑜𝑛−𝑎𝑥𝑖𝑠.The summation of the first two terms 

(|𝐸0|
2 + 2|𝐸1|

2) of the above equation (eq. 1.4) defines the image's baseline or constant term. The 

baseline term does not carry any spatial frequency information of the image. The third term 

(4|𝐸0𝐸1| cos( 𝑘𝑑 x)) of the equation is known as the imaging term. This term corresponds to the 

interference between the zero-order beam (K = 0) and the higher diffracted order beams (K = ±1, 

in this scenario). This term mainly carries information about the imaging structure’s feature size. 

The fourth term (2|𝐸1|
2 cos( 2𝑘𝑑 x)) in the above equation (eq. 1.4) is known as the darkfield 

term [23]. The darkfield term appear due to the interference between the non-zero diffracted orders 

(𝐸+1 and 𝐸−1). Although these terms carry spatial frequency information of the imaging object but 

are not used for imaging in interferometric microscopy and need to be subtracted from the original 

image to improve the image quality of IIM [23]. Dark field terms contain higher frequencies (e.g., 

edges) that are not necessarily present in the object and arise from the square-law detection at the 

image plane [23]. The frequency space coverage is always limited to 2NA/λ for dark field terms.  

The intensity is simply a sum of cosine functions. The Fourier transform is a two-

dimensional (2D) (x, y) transform in a series of δ-functions along the kx transform coordinate; for 

example, the Fourier transform of cos(kd x) is just a pair of δ-functions at offset spatial frequencies 

of ± kd along the kx axis. For convenience, we will use normalized frequencies (kd/k0) and denoted 

by fx for plotting the information in dimensionless coordinates [23]. The frequency space coverage 

with the conventional coherent illumination microscopy is shown in fig. 1.3(a) below, where the 
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maximum spatial frequency space coverage is limited to NA/λ. The darkfield term for this scenario 

of IIM will appear at fx = ± 2kd frequencies. A circular filter with a radius of kd (corresponding to 

NA/λ) can be used in the frequency space to remove the darkfield term from the image.  

The electric field at the image plane associated with the off-axis illumination microscopy 

shown in fig. 1.2(b) can be described as follows:  

𝐸𝑜𝑓𝑓−𝑎𝑥𝑖𝑠,0° =𝐸0𝑒
𝑖𝑘0 (sin𝛼𝑟𝑒𝑓)x + 𝐸2𝑒

𝑖𝑘0(sin𝛼𝑖𝑙𝑙)x𝑒𝑖2𝑘𝑑x +

𝐸3𝑒
𝑖𝑘0sin(𝛼𝑖𝑙𝑙)x𝑒𝑖3𝑘𝑑x + 𝐸4𝑒

𝑖𝑘0sin(𝛼𝑖𝑙𝑙)x𝑒𝑖4𝑘𝑑x                   (1.5) 

As mentioned earlier that the 𝛼𝑟𝑒𝑓needs to be precisely equal to 𝛼𝑖𝑙𝑙 to shift the spectral 

components to correct high frequencies. The respective intensity at the image plane for the off-

axis illumination microscopy is as follows: 

𝐼𝑜𝑓𝑓−𝑎𝑥𝑖𝑠,0° = (|𝐸0|
2 + |𝐸2|

2 + |𝐸3|
2 + |𝐸4|

2) + (2|𝐸0𝐸2| cos(2𝑘𝑑 𝑥) +

2|𝐸0𝐸3| cos( 3𝑘𝑑 𝑥) + 2|𝐸0𝐸4| cos( 4𝑘𝑑 𝑥)) + (2(|𝐸2𝐸3| +

|𝐸3𝐸4|)cos(𝑘𝑑𝑥) + 2|𝐸2𝐸4| cos(2𝑘𝑑𝑥))                                            (1.6) 

 In the above equation of intensity for the off-axis illumination case of fig. 1.1(b), the 

baseline term  ( zero spatial frequency)  is (|𝐸0|
2 + |𝐸2|

2 + |𝐸3|
2 + |𝐸4|

2), the imaging terms ( 

interference terms between the zero-order beams and the higher diffracted order beams) is 

(2|𝐸0𝐸2| cos(2𝑘𝑑 𝑥) + 2|𝐸0𝐸3| cos( 3𝑘𝑑 𝑥) + 2|𝐸0𝐸4| cos( 4𝑘𝑑 𝑥)), and the dark field term is 

(2(|𝐸2𝐸3| + |𝐸3𝐸4|)cos(𝑘𝑑𝑥) + 2|𝐸2𝐸4| cos(2𝑘𝑑𝑥)). As in the previous case of the conventional 

coherent microscopy, after taking the Fourier to transform and normalizing with k0 pairs of δ-

functions at offset spatial frequencies of ± kd, ± 2kd, ± 3kd, and ± 4kd along the kx axis can be 

achieved. Some of the imaging terms and the darkfield term will appear simultaneously at fx = ± 

kd , ± 2kd frequencies, in this scenario of IIM. The darkfield terms will degrade the image quality 

of IIM. To eliminate the darkfield terms, we first need to take another image of the object for the 
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same off-axis illumination without reintroducing the K= 0th order reference beam. The darkfield 

image is then subtracted from the original IIM image in the Fourier space.  

By rotating the sample at 0°,45°,90° and 135° directions and repeating the process of 

illuminating the object at an off-axis illumination angle, the frequency space coverage can be 

extended across the entire 2D frequency space. These sub-images captured with different sample 

orientations and with the off-axis illumination are combined with the on-axis conventional 

coherent microscopy image in the Fourier space to reconstruct a final composite image. Hence,  

    𝐹𝑇𝑜𝑡𝑎𝑙 = 𝐹𝑜𝑛−𝑎𝑥𝑖𝑠 + 𝐹𝑜𝑓𝑓−𝑎𝑥𝑖𝑠,0° + 𝐹𝑜𝑓𝑓−𝑎𝑥𝑖𝑠,45° + 𝐹𝑜𝑓𝑓−𝑎𝑥𝑖𝑠,90° +𝐹𝑜𝑓𝑓−𝑎𝑥𝑖𝑠,135°         (1.7)              

Here, F denotes the frequency space representation of the corresponding sub-images taken in the 

spatial domain (intensity profile). The resulting frequency space coverage with IIM is shown 

below, in fig. 1.3(b). The square law (intensity) response of the image detector (camera) restores 

the second circle corresponding to negative frequencies for each sub-image. An inverse Fourier 

transform is applied on eqn. (1.7) to reconstruct back the final composite image in the spatial 

domain. In this example, the off-axis illumination angle is considered as 52°, so the effective 

numerical aperture of the system increases to (sin (52°) +NA)/λ from NA/λ. Therefore, the 

resolution limit of the IIM system increases to ~220 nm from conventional microscopy’s resolution 

limit of ~665 nm for 0.4 NA at λ =532 nm. The resolution limit of IIM can be extended more by 

adding more off-axis illumination sub-images at higher illumination angles (~ ≤ 90°). However, it 

is challenging to achieve the off-axis illumination at very high angles due to the reflections and 

scattering from the substrate. Therefore, the intensity level varies between sub-images. A signal 

processing technique needs to be developed to match intensity levels between independent sub-

images. 
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                                                           (a)                                                                   (b)                                        

Fig. 1.3. (a) Frequency space coverage for conventional on-axis coherent microscopy (NA = 0.4), (b) Frequency space 

coverage for IIM (NA = 0.4) with one set of off-axis sub-images: yellow, gold, blue and red circles represent frequency 

space covered after rotating sample by 0°, 45°, 90° and 135° with αill = 52°, and the central green circle represents 

frequency space covered by conventional coherent microscopy [as in (a)], the coverage extends out to 3NA/λ 

 Imaging Interferometric Microscopy (IIM) is similar to the Interferometric Lithography 

(IL) image formation system. In IL, two beams from a coherent source interfere in sinusoidal 

patterns to make grating patterns on the photoresist. IL is used to fabricate objects with very small 

critical dimensions (CD) [65-70]. IIM combines multiple sub-images in the Fourier space to form 

the final composite image; combining multiple sub-images is akin to the Synthetic Aperture Radar 

(SAR) imaging system. SAR imaging sends a series of pulses from a small antenna mounted in a 

moving aircraft. The reflected signals from these pulses are combined as if they had all been made 

simultaneously from a giant antenna. This process creates a synthetic aperture much larger than 

the physical antenna and even more extensive than the aircraft [7, 71]. The wavelength used for 

imaging in SAR is different than the wavelength of IIM. SAR typically uses radio frequency that 

has wavelength between 3 cm to few meters, whereas IIM works in the visible spectrum range 

(400 nm – 700 nm wavelength). Also, SAR is a computational imaging modality where the images 

are formed on information that are not visible in our eyes. On the other hand, since IIM works in 

the visible spectrum range, it can create real images and doesn’t require any additional 
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computational algorithms to form an image. Biggest difference of IIM with SAR is that SAR is 

pixel-by-pixel imaging whereas IIM is sub-image stitching technique in the Fourier space. 

1.7 Previous works of IIM 

Y. Kuznetsova et al. in [58,63] extended the resolution limit to ~260 nm with off-axis illuminations 

in air. In their experiment, the illumination angles were 0°, 52°, and 80°. The off-axis illumination 

process hence extended the frequency space coverage to 1.38/λ for a 0.4 NA. This optical 

configuration's maximum achievable resolution limit was up to ~230 nm for a 633 nm wavelength 

source (He-Ne laser). In contrast, the typical optical microscopy resolution limit was ~800 nm for 

0.4 NA at λ = 633 nm.  

 In [23,58], it is shown that the frequency space coverage for IIM can be extended by tilting 

the objective. This method of tilting the sample can extend the spatial frequency space coverage 

up to 2/λ in air. However, this method reduces the field-of-view drastically due to the nonparaxial 

frequency transformation process [23,58]. The images obtained by the tilting objective technique 

need additional signal processing schemes to shift the spectral components to their respective 

correct high frequencies. 

Several other techniques have been demonstrated to extend the resolution limit of the 

optical system [72-75]. Another well-known technique of increasing the resolution limit is the use 

of immersion. The traditional oil immersion microscopy, which uses a 1.3-1.4 NA lens, extends 

the resolution limit even further by adapting the off-axis illumination technique [76-77]. For 

applications to circuits on the silicon substrate (n~ 3.5), the solid-immersion technique can achieve 

a very high resolution [78]. However, due to some practical issues such as the immersion fluids' 

compatibility with the sample and other issues, this technique is challenging to apply appropriately 

to various applications [79]. A. Neumann et al. in [23] have successfully demonstrated the concept 
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of imaging by immersion technique. They were able to extend the frequency space coverage of 

IIM to (nsub +NA)/λ. Here, nsub is the refractive index of the substrate. The object in this particular 

situation is illuminated by an evanescent wave and the diffracted orders are collected in air [23]. 

Combining the titling objective technique with the half-immersion approach can extend the 

frequency space coverage to (nsub +1)/λ. A. Neumann et al. in [80] extended the resolution to ~150 

nm for a 633nm coherent source using evanescent illumination on glass substrate with a tilted 

optical system. Other illumination angles of the object were considered at 0°,52°, and 80° in air. 

The maximum achievable resolution limit for such optical configuration was ~130 nm.  

In the half immersion technique, illumination is done from a high refractive index substrate, 

and the scattered light is collected in the air. The details of the half solid immersion technique will 

be described and extended in Chapter 4. In [23], it is explained that the frequency space coverage 

for the IIM can be extended up to 2nsub /λ using the full immersion technique. In the case of full 

immersion, both the object's illumination and the diffracted orders' collection will be done through 

the substrate to take advantage of a higher refractive index of the illumination and collection 

medium. 

A Manhattan structure has been used for imaging in all previous works of IIM. Manhattan 

refers to edges oriented along orthogonal x, y axes. The structure consists of five nested ‘ell’ lines 

and is used for imaging as a known 2D structure. A box is often used with the five nested ‘ell’ 

lines in the Manhattan structure. Most IC patterns are designed as Manhattan structures in the IC 

manufacturing process. They have dominant frequency components primarily among the fx and fy 

directions due to its x-y geometry. As a result, it is possible to capture significant frequency 

components required to reconstruct the image properly by rotating the sample only along one of 

the principal axes (arbitrarily designated as the x-axis) and 90° (arbitrarily defined as the y-axis) 
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directions. For Manhattan geometry objects, such as many IC patterns, there is less information in 

the diagonal directions, and this coverage is adequate, for more random features such as biological 

samples, additional sub-images need to be taken in the diagonal and perhaps other directions to fill 

in the frequency space information. A Manhattan pattern of a critical dimension (CD) of 260 nm 

is shown in Fig. 1.4 as an example. In this pattern, all the nested ‘ell’ lines and the gap between 

the lines of the Manhattan structure are 260 nm, and the box is ~ 2.5 μm X 2.5 μm in size. An 

additional 2-μm calibration pitch grating is used on all sides. The purpose of the calibration 

gratings will be discussed in Chapter 2 and Chapter 3 in detail.  

 

Fig.1.4: A Manhattan structure with CD=260 nm 

1.8 Goals of the thesis 

Previous works of synthetic aperture optical imaging interferometric microscopy demonstrated its 

ability to extend the resolution limit to ~150 nm for known imaging structure against conventional 

optical microscopy’s limit of ~ 800 nm for a 0.4 NA objective lens. However, most of the 

reconstructed IIM images suffer from poor image quality. The image quality drops drastically as 

the feature size of the imaged objects becomes smaller, especially when the CD ≤ 260 nm.  

 In this work on IIM, we have two primary goals to achieve. Our first objective is to 

demonstrate an experimental technique to extend the resolution limit of IIM ≤ 100 nm with a low 
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numerical aperture (NA =0.4) objective. Our second objective is to improve the image quality of 

IIM. To improve the image quality of IIM, we have used both digital image processing techniques 

and demonstrated a new optical experimental method of grating coupler illumination in a 

waveguide.  

1.9 Thesis Outline 

This thesis is organized in the following structure: 

 In chapter 2, we discuss the challenges associated with IIM in detail. These challenges 

degrade the image quality of IIM significantly. The challenges include maintaining uniform 

frequency response across the entire frequency space, frequency deviation and mutual phase 

determination between sub-images, optical system aberration, and random noises in the sub-

images. The effects of these challenges of IIM will be analyzed in detail in this chapter. To quantify 

the image quality, the Structural Similarity Index Metric (SSIM) is used in this thesis. The working 

principle and the advantages of SSIM over other metrics such as Mean square error (MSE) will be 

described in Chapter 2. Several correction models to minimize the effects of these challenges and 

improve the image quality of IIM are also proposed in Chapter 2. The effectiveness of these 

correction models is analyzed in this chapter using simulation.  

In chapter 3, the effectiveness of the correction methods proposed in chapter 2 are analyzed 

by applying them to the experimental image of IIM. Manhattan structure of a CD=260 nm critical 

dimension is used for optical imaging with IIM.  

 In chapter 4, we discuss the experimental optical methods to extend the resolution limit of 

IIM ≤ 100 nm. Apart from the challenges described above, IIM also has some experimental 

challenges. One of the significant challenges is associated with the edge illumination method 

involved in the half immersion technique to extend the resolution. Due to back reflection, 
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scattering and absorption, it becomes difficult to get enough light coupled in the substrate to 

illuminate the object. Therefore, the image quality is severely hampered. Chapter 4 demonstrates 

a novel technique of illuminating the object through a substrate using a grating coupler in a 

waveguide. The waveguide consists of a thin film superstrate on a thin substrate to achieve higher 

resolution (≤ 120 nm) in imaging. The fabrication process of the waveguide and the grating 

structure production with the imaging interferometric lithography (IIL) technique will be presented 

in this chapter.  

 In chapter 5, we will discuss the application of IIM in imaging arbitrary structures and 

specifically focus on a biological sample. Pup-fish heart cells are used to demonstrate the IIM 

capability in imaging arbitrary biological samples. A resolution of ≤ 300 nm is achieved. The 

experimental process and the comparison with the incoherent illumination conventional 

microscopy result will be presented in this chapter. 

 Finally, in Chapter 6, we will summarize our research findings in this thesis with a 

conclusion section, and we will discuss the main avenues for future work of IIM. 
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Chapter 2 

Challenges for Synthetic Aperture Optical Imaging Interferometric 

Microscopy  

 

“Measure what can be measured and make measurable what cannot be 

measured.” 

-Galileo Galilei (Astronomer) 

 

2.1 Introduction 

As discussed in the previous chapter, synthetic aperture optical imaging interferometric 

microscopy is an optical microscopy resolution enhancement technique involving combining 

multiple off-axis illumination sub-images to include additional region of frequency space and to 

increase resolution. This resolution enhancement technique has several challenges that hinder its 

use in various critical applications. The primary concerns of IIM can be divided mainly into two 

categories. The first primary concern is to demonstrate an experimental method to enhance the 

resolution limit of optical microscopy to transmission medium linear system limit, which is λ/4n, 

where n is the refractive index of the medium. The details of overcoming this challenge with a 

novel approach will be discussed in chapter 4. The other concern of IIM is its final image quality. 

To illustrate the problem, an image of a Manhattan structure with 150 nm critical dimension (CD) 

is shown in fig.2.1(a) below. This structure was resolved experimentally by A. Neumann et al. 

using illumination at 0°, 52° 80°, and a half-immersion technique in glass substrate at 633 nm [1]. 

The tilted objective approach discussed in chapter 1 was also used in this experiment to extend the 

frequency space coverage [1]. To date, this resolved structure is considered state of the art for IIM. 

As we can see, the resolved structure shown in fig.2.1 suffers due to poor image quality. The lines 
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are visible in x-direction but not in the y-direction. The corners and the big box are not perfect in 

the reconstructed image. The simulation result of IIM for CD=150nm Manhattan structure is 

shown in fig. 2.1(b).  

          

Fig. 2.1: Manhattan structure with CD=150nm- (a) Experimentally resolved IIM image, and (b) Simulated IIM image 

[1] 

The image quality of IIM’s composite final image degrades during the image 

reconstruction process. Multiple sub-images are combined in this reconstruction process. Several 

challenges are associated with this image reconstruction process, including maintaining uniform 

frequency response through entire frequency space coverage, frequency deviation between sub-

images, lack of precision in determining the mutual phase between sub-images, optical system 

aberration, and random noise in the sub-images. All these image reconstruction challenges can 

degrade the image quality. In this chapter, we will discuss all these image reconstruction 

challenges in detail. We will analyze these reconstruction challenges separately through simulation 

to see their effects on the reconstructed image. To quantify the results of these image reconstruction 

challenges, we will use Structural Similarity Index Metric (SSIM) for image comparison. We will 

also propose solution models to overcome these image reconstruction challenges. SSIM value will 
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be used again to compare the images to validate the models to ensure the image quality 

improvement of IIM. 

The SSIM allows us to quantify local image quality (neighborhood block size is ~10 pixels 

×10 pixels). The general philosophy behind the SSIM index is to distinguish structural distortions 

from non-structural distortions. Structural distortions are the ones that effect the most the 

perception of degradation of an image, whereas non-structural distortions only slightly effect the 

perception of degradation [2]. The pixels have strong correlations between them for structural 

information, generally when they are spatially very close. 

    

Fig. 2.2: Diagram of the SSIM measurement system [3] 

SSIM is an alternate to the mean square error (MSE) method for image comparison. MSE 

compares intensity mismatch between two images, whereas the SSIM process considers the 

luminance, the contrast, and the similarity between two images for comparison. The three 

components are combined to yield an overall similarity measure [3]: 

                                        SSIM (x, y) = [l(x,y)]α .[c(x,y)]β. [s(x,y)]γ                                  (2.1) 

Here, α, β, γ ≥ 0 are the parameters used to adjust the relative importance of the three 

components. The built-in SSIM function of Matlab [4] with default parameters (α = β = γ = 1) is 
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used in this work to calculate similarities between images. The parameters α, β, and γ represent the 

weighting value of the luminance, contrast, and similarity comparison between the images. l(x,y), 

c(x,y), and s(x,y) represent the comparison value for luminance, contrast, and similarity between 

two images. Luminance function takes the intensity values of the pixels in account for comparison. 

It is equivalent to a mean square error (MSE) metric. Mean pixel values of the images are then 

subtracted from their respective images. Contrast function compares the variance of the pixel 

values. Before structural comparison, the images are divided by their respective variance values to 

have unit standard deviation for each image. This allows a more robust comparison of images for 

structural similarity. The structure comparison function of SSIM compares the similarity (cross-

correlation) between the images. In equation (2.1) above, x and y are the pixel values of the 

reference image and the distorted image, respectively. In practice, we usually require a single 

overall quality measure of the entire image. We use the mean SSIM (MSSIM) index to evaluate 

the overall image quality [3]: 

    MSSIM = 
1

𝑀2 ∗∑ 𝑆𝑆𝐼𝑀(𝑥𝑘
𝑀

𝑘=1
, 𝑦𝑘)                                       (2.2) 

Here, M is the total number of pixels in the image in any direction (e.g., M*M size image). 

For our subsequent discussions in this thesis, we will use the term SSIM to represent the average 

value of the SSIM.  

       In the following sections of this chapter, we will analyze the challenges of the image 

reconstruction process. We will estimate the effect of these challenges on the image quality of IIM 

using SSIM. For the discussion of the following sections, the IIM off-axis illumination technique 

schematic is shown in fig. 1.2(b) is shown again below in fig. 2.3.  
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                      (d)                                                   (e)   

Fig.5.8: A 300 nm pitch size grating after passing through different sizes of the median filter- (a) 1×1, (b) 11×11, (c) 

21×21, (d) 31×31, and (e) 41×41. 

 

Fig.5.9: Calculated average half-pitches for the 300 nm pitch size grating after passing through different sizes of the 

median filter. 

5.3 Conclusion  

Imaging interferometric microscopy (IIM) is a simple yet powerful technique for extending the 

resolution limit of optical microscopy without sacrificing the depth of focus, working distance, 

and field of view of a low-NA optical system. This work imaged an arbitrary biological structure 

sample of 5-μm thickness with a demonstrated ≤ 285 nm resolution using IIM and a 0.4 NA 
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objective lens. This is a > 2.33× resolution improvement compared to a conventional on-axis 

coherent illumination microscopy resolution limit of 665 nm. Results were compared with 

equivalent incoherent illumination 1.2 NA water immersion images. A significant similarity is 

found between the two images. The resolution limit of IIM can be increased to image smaller-

sized random biological samples by illuminating objects at higher angles and applying immersion 

techniques. While using IIM for imaging biological samples can be significantly beneficial, care 

must be taken for thick samples where image shifts can affect the final IIM results. 
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Chapter 6 

Conclusion and Future Directions 

 

6.1 Conclusion 

This dissertation has discussed the resolution enhancement and image quality improvement 

techniques for imaging interferometric microscopy (IIM). IIM is a synthetic aperture technique for 

enhancing the resolution limit of optical microscopy. IIM uses multiple off-axis illuminations of 

the object from different angles and rotations, along with the conventional normal-incidence 

coherent illumination microscopy image, to extend the resolution limit. As IIM combines multiple 

sub-images in the frequency space to form a final composite image, the effective numerical 

aperture of the system increases, and this process is known as a synthetic aperture approach of 

optical microscopy. In chapter 1, we discussed the microscopy principles and the sub-image 

stitching process in frequency space.  

In chapter 2, we have discussed the challenges of the IIM image reconstruction process. 

One of the major bottlenecks of IIM is its final image quality. Several image reconstruction 

challenges including maintaining uniform frequency response across entire frequency space, 

frequency mismatch between sub-images due to experimental error, lack of precision in 

maintaining a mutual phase between sub-images that are experimentally separately observed of 

each other, random noises in the sub-images, and optical system aberration effects can degrade the 

image quality. This issue can restrict the use of IIM in various essential applications such as 

biological research, nanoscale metrology, and other vital applications where image quality is 

crucial. We analyzed all these challenges mentioned above individually using simulation in chapter 
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2. We proposed correction models and validated their efficiency in image quality improvement 

through simulation to address these challenges. This chapter used the structural similarity index 

metric (SSIM) to quantify the image quality comparison between two images. The simulation 

result in chapter 2 shows that the proposed correction models effectively reduce the artifacts 

imposed by the image reconstruction challenges.  

In chapter 3, we  applied the proposed correction methods presented in chapter 2 to the 

experimental images of IIM. In addition to the proposed correction methods, the morphological 

filtering approach is used in the final composite image as an image post-processing step to enhance 

the image quality of IIM. These correction methods are applied to the experimental images to 

reconstruct a Manhattan structure of CD=260 nm at 532 nm (R ~λ/2). The phase and frequency 

mismatch correction methods between the sub-images and Gibb’s artifacts reduction method 

successfully demonstrate the effectiveness by improving the image quality of the final 

reconstructed experimental IIM image by ~3.5%. Furthermore, applying the additional correction 

techniques such as noise reduction, optical system aberration corrections, and morphological 

filtering along with this phase and frequency deviation correction techniques can additionally 

improve the IIM final reconstructed experimental image quality by ~20%. 

 In chapter 4, we discussed the resolution enhancement technique challenges for IIM. We 

demonstrate the half-immersion technique with a sapphire substrate to extend the resolution limit 

of IIM to ≤ 100 nm using a 0.4 NA objective lens at 405 nm (R ~λ/4). The proposed image quality 

correction methods improved the image quality of IIM by ~30% in imaging this structure. The 

facet/edge illumination approach used in the half-immersion technique imposes an experimental 

challenge as many high refractive index material thick substrates have a high absorption coefficient 

for visible range illumination sources. In the later part of chapter 4, we proposed a new approach 



121 
 

of using a thin film of high refractive index material atop the lower refractive index material thick 

transparent substrate to achieve better resolution. Again, illuminating through a thin film for half 

immersion is challenging. We proposed an approach illuminating the object using a grating coupler 

on a planar waveguide to overcome this challenge. Using this approach, we demonstrated the 

resolution enhancement for IIM to ~120 nm using a 0.4 NA objective lens at 532 nm (R ~λ/4.5). 

The image quality of the resolved Manhattan structure of CD=120 nm improves by ~ 40% by 

applying the image quality improvement methods.  

 This extended resolution of IIM with improved image quality will make it useful in the 

nanomanufacturing process control as an in-line metrology tool to scale appropriate for nanoscale 

devices. The extended resolution and improved image quality will also help use IIM for biological 

research. In chapter 5, we applied IIM in imaging arbitrary structures to demonstrate its capability. 

A biological sample consisting of pupfish heart cells is used for imaging. A resolution of < 300 

nm is achieved using IIM and 0.4 NA objective lens at 532 nm (Abbe limit: 665 nm). The 

experimental process and the comparison with the incoherent illumination conventional 

microscopy result were presented in this chapter. 

6.2 Suggestions for future research  

In this dissertation, we have demonstrated the capability of IIM for extending the resolution limit 

of optical microscopy to ≤ 100 nm using a low numerical aperture objective (NA =0.4). The low-

NA objective allows the optical system to have a large field of view, long working distance, and 

large depth-of-focus. In this dissertation, along with extending the resolution limit of the optical 

system, we have also proposed several methods to improve the image quality of the IIM system 

digitally. There are still several research directions that can be explored to enhance the image 
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quality of IIM. In the following sub-sections, these suggested research directions will be briefly 

discussed.  

6.2.1 Intensity matching between sub-images 

All the sub-images in the IIM system are independent of each other. The intensity level needs to 

be adjusted during the experiment to avoid saturation of the CCD camera used in the image plane 

to capture images through LabView software. As a result, different sub-images have different 

intensity levels. Off-axis illumination sub-images with higher angles (~80°) have low intensity 

because a portion of the illumination light is reflected from the substrate. The intensity levels of 

the sub-images need to be corrected manually in the reconstruction process in Matlab to get a 

better-quality image. This process requires a human visual inspection, which is not always 

accurate. Adjusting the intensity levels between the sub-images manually poses a severe issue for 

the half-immersion sub-images, as seen in chapter 4. The higher diffracted orders of the grating 

harmonics are a few times more intensified than the lower diffracted orders to reconstruct the lower 

diffracted orders of the Manhattan structure. Hence, the overall image quality degrades. Also, 

intensity matching between the reinjected reference beam and off-axis illumination beam is 

challenging, and this mismatch degrades the image quality too. In this dissertation, the 

morphological filter is used to improve the image quality. Attentions are required in using a 

morphological filtering approach, as some minor defects present in the structure may be eliminated 

unintentionally. Simulation results can be considered in correcting the intensity levels for the sub-

images when using a known structure for imaging. Matching the intensity of the sub-images in the 

overlapping frequency regions can also solve this problem. While matching the intensity levels for 

the sub-images using the information from the overlapping points in the frequency space, attention 
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must be paid to the image's overall contrast. For imaging unknown structures, a known grating 

structure can be added to the original structure to match the intensities in the overlapping regions.  

6.2.2 Reducing Gibb’s artifacts 

In this dissertation, we have proposed methods of reducing Gibb’s artifacts from the final IIM 

output. We have demonstrated that using the smooth rise and fall filters (linear filter or Gaussian 

filter) instead of the sharp cutoff optical passband filters in the frequency space can reduce the 

Gibb’s or ringing artifacts in the spatial domain. However, despite using this proposed method, we 

can still see some extra lines in the final reconstructed Manhattan structure images of the CD 

=120nm (fig.4.16) due to Gibb’s artifacts. The reason behind this Gibb’s artifacts is the sharp 

cutoffs in the last sub-images of both x- and y – directions (fig.4.12(e)). For CD=120 nm Manhattan 

structure images shown in chapter 4, the dominant frequency components required to reconstruct 

images lie on the last half-immersion sub-images near the sharp cutoff points. To reduce Gibb’s 

artifacts, one choice will be to increase the thickness of the thin film superstrate so that the 

waveguide can support multi modes. For example, in this dissertation, we used the thickness of 

the Titanium dioxide as 200 nm. The effective refractive index for the single Transverse Electric 

(TE) mode supporting waveguide was neff =2 at 532 nm. The number of guided modes in the 

waveguide increase to 2 by increasing the thickness of Titanium dioxide to 300 nm in the 

waveguide structure. The effective refractive indexes for the waveguide for these two different TE 

modes are neff =2.1 and 1.75 at 532 nm. Using grating couplers illumination techniques in the 

planar waveguide, we can separate these two modes by setting the grating coupler illumination 

angles at ~20° (for neff =1.75) and 45° (for neff =2.1). The frequency space coverage for a CD=120 

nm Manhattan structure (fig. 4.7(a)) with IIM and 0.4 NA lens is shown in fig. 6.1. The illumination 

angles are considered at 0°, 40°, 80°, half immersion in the glass substrate, half immersion on 
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Titanium dioxide with grating coupler illumination at 20°, and half immersion on Titanium dioxide 

with grating coupler illumination at 45°. The sample rotation is considered at 0°, and 90°. As seen 

can be from the figure, the dominant frequency components required to reconstruct the image can 

now have linear or Gaussian rise and fall filters instead of the sharp cutoff filters. This will allow 

us to reduce Gibb’s artifacts from the image. However, due to the scattering of light from the object 

itself, multi modes of the waveguide can be coupled simultaneously. Therefore, some unwanted 

frequency components will be added in the last sub-images in both sample rotation directions. 

Signal processing methods need to be developed to filter out the unwanted frequency components 

from the sub-images to make this technique practicable for the IIM system. Additional care must 

be taken in designing smooth rise and filters in the overlapping regions as some of the frequency 

components will be repeated three times. However, the additional sub-images will add additional 

noises to the image, which must be taken care of with the proper noise reduction procedure.  

 The Manhattan structure for CD=100 nm shown in chapter 4 also has sharp cutoffs near 

its dominant frequency components in the half-immersion images. In this case,  the half-immersion 

images are accomplished using edge coupling. Because of using edge coupling illumination 

technique for half immersion method, there is not enough option of adding more sub-images for 

this image. On the other hand, the grating coupler illumination technique for the half-immersion 

method provides more flexibility and advantage in this regard.  

 



125 
 

 

Fig.6.1: Frequency space coverage for CD=120 nm Manhattan structure with additional off-axis illumination sub-

images  

6.2.3 Adding more sub-images by rotating the sample at 45° and 135° directions 

Additional frequency components for the imaging structures can be captured in IIM by taking 

more sub-images in the samples' 45° and 135° directions. The frequency space coverage with 

additional sub-images and IIM technique for the Manthan structure with gratings on the sides (Fig. 

2.4(a)) is shown in fig. 6.2(a). Green circles in the images show the frequency space coverage by 

the additional sub-images. The additional sub-images are taken by rotating the sample at 45° and 

135° directions and setting off-axis illumination angles at 40°, and 80°. The reconstructed image 

achieved before (Fig.2.6(c)) without using the 45° and 135° sample rotation images is shown in 

6.2(b). The reconstructed image obtained after (Fig.2.6(c)) adding the 45° and 135° sample 

rotations images is shown again in fig. 6.2(c). The images of fig.6.2(b-c) are compared with the 

ideal image of 1.38 NA objective lens and normal-incidence coherent illumination microscopy 

(Fig.2.4(c)). The SSIM value remains same at 0.91 after adding these additional frequency 

components. This is because the additional frequency components are not so significant in 

reconstructing the image of this structure. The result of the SSIM comparison is shown in fig. 6.4.  
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(a)                                              (b)                                              (c)  

Fig. 6.2: Frequency space coverage for CD=260 nm Manhattan structure with IIM and additional sub-images (green 

circles) in 45° and 135° directions, (b) reconstructed image without additional sub-images, and (c) reconstructed image 

with additional sub-images. 

We repeated the same method of adding extra sub-images with 45° and 135° rotations of 

the sample for the Manhattan structure of CD=120nm. We can see that these additional sub-images 

improve the final IIM image’s quality. The frequency space coverage with additional sub-images 

and IIM technique for the Manthan structure of CD=120 nm with gratings on the sides (Fig. 

4.12(a)) is shown in fig. 6.3(a). Again, the additional sub-images are taken by rotating the sample 

at 45° and 135° directions and setting the off-axis illumination angles at 40° and 80°. Green circles 

in fig.6.3(a) represent the frequency space coverages for the additional sub-images. The 

reconstructed image without using the additional sub-images is shown fig. 6.3(b), and fig.6.3(c) 

represent the reconstructed image obtained after adding the additional sub-images. Both images 

(fig.6.3(b-c)) are compared with the ideal reconstructed image shown in fig. 4.2(c). The SSIM 

value increases from 0.84 to 0.88 after adding these additional frequency components. This is 

because the smaller feature size object’s spread more in the frequency space, and they are essential 

in reconstructing a better-quality image. The result of the comparison in terms of SSIM value is 

shown in fig. 6.4 below for CD=120 nm Manhattan structure.  
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                      (a)                                              (b)                                               (c)  

Fig. 6.3: Frequency space coverage for CD=120 nm Manhattan structure with IIM and additional sub-images (green 

circles) in 45° and 135° directions, (b) reconstructed image without additional sub-images, and (c) reconstructed image 

with additional sub-images. 

 

   Fig.6.4: SSIM values after comparing Fig. 6.2(b-c) with Fig.2.4(c) and comparing Fig. 6.3(b-c) with Fig. 4.2(c) 

It is important to note that additional sub-images create more signal processing challenges. 

Some of the frequency components are now repeated three times due to the selection of the off-

axis illumination angles. Sharp cutoff filters are used in the frequency space overlapping regions 

for the sub-images taken with 45° and 135° sample rotations. For other overlapping regions (0° 

and 90° sample rotations), linear rise and fall filters are used to maintain uniform frequency 

response, as before. This challenge can be overcome by designing the smooth rise and fall filters 
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(Gaussian and Linear) more carefully to maintain uniform frequency space coverage across the 

entire 2D frequency space. However, major challenges for adding these additional sub-images are 

the lack of precision in the alignment of the rotation axis to the observation region and the lack of 

accuracy in the rotation angle in rotating the sample. Both challenges can degrade the image quality 

of IIM significantly. The calibration gratings on the sides of the Manhattan structure can be used 

in aligning the images properly.  

6.2.4 Improving camera capabilities 

Additional issues for IIM include digitization offsets associated with Fast Fourier 

Transform. This imposes a difficulty mainly for the experimental images of IIM. Increasing the 

camera’s resolution capability in the IIM experiment can reduce the output image's digitization 

errors. Increasing the number of pixels in the camera grid for the same field of view will help in 

binning more pixels for any structure. Therefore, frequency and phase mismatch correction 

between the sub-images will be more accurate. However, the camera needs to be very sensitive in 

this case. The total number of photons scattered by the object will now be distributed to more 

pixels. Each sensor (pixel) will have fewer average number of photons to create the electrical 

signal. The senor (pixel) needs to be sensitive enough to develop proper signals from a low number 

of photons. Another bottleneck is the signal to noise ratio (SNR). Due to a smaller number of 

average photons at the sensor, the SNR for an image will decrease. These issues can be mitigated 

by increasing the power of the coherent illumination source (laser).  

As the power of the laser increases, the chances of reaching saturation level at the camera 

sensor increases. To get a good quality image, the camera needs to operate in the linear region. 

Increasing the number of bits of the camera will help to overcome this challenge. An increased 

number of bits will increase the dynamic range of the camera. More bits in the camera will reduce 
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the quantization error from the IIM image. Two cameras are used in this work. The first is an 8-

bit CCD camera used in acquiring images of chapters 3 and chapter 4. For biological sample 

imaging in chapter 5, a 12-bit pixel depth CMOS camera is used. In this work, the data are saved 

as an image file. There are some data losses in the conversion process. Storing each illumination 

data in matrix format instead of image files can improve the final image quality. 

6.2.5 Optical system aberration correction   

As mentioned in chapter 2 that the optical components used in the IIM system for imaging are not 

always perfect. The aberration in the optical system can degrade the IIM image quality. It is 

essential to correct the aberration to have a good quality of the image from IIM. The optical system 

correction process is not straightforward. In this dissertation, we digitally reduced the objective 

lens's numerical aperture to reduce the aberration effect. This method can reduce the impact of 

aberration but cannot eliminate them. In addition, we need to sacrifice the resolution limit of the 

system for digitally reducing the effective numerical aperture of the objective lens. However, the 

sacrificing margin is not too high. The best approach will be to characterize the optical system 

before using it for imaging. In this approach, we can use the aberration profile to correct the final 

IIM image by using the information inversely. The characterization process is challenging and 

needs to repeat every time after changing any optical element in the system. One solution for fixing 

the aberration effect will be employing off-axis illuminations of the object from both sides for each 

sub-image. Later, the images' average can be considered the final sub-image for a specific off-axis 

illumination. This method will cancel out the sub-image’s aberration effect as two independent 

images from opposite sides will have an aberration effect in opposite directions. The constraint for 

this method will be the additional rotations of the sample. 
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6.2.6 Increasing coupling efficiency of the waveguide 

In chapter 4 of this dissertation, we have demonstrated a novel approach of using a grating coupler 

on a planar waveguide to extend the resolution limit of IIM. This approach gives a significant 

advantage over the existing edge illumination approach used for the half-immersion technique in 

IIM. The grating coupler used for the experiment was made using the Interferometric Lithography 

(IL) process [1]. In IL, two beams from a coherent source interfere in sinusoidal patterns to make 

phase grating patterns on the photoresist. Other grating structure designs such as blazed diffraction 

grating structure can be examined for increasing the coupling efficiency of the guided mode in the 

waveguide [2]. Increasing the efficiency of the guided mode in a waveguide through grating 

coupler design will be helpful to get high signal to noise ratio (SNR) images even using a low-

power laser. Several other parameters can be examined to increase the coupling efficiency. In this 

dissertation, we have used ICON-16 anti-reflective coating (ARC) as the spacer in the waveguide 

to increase the coupling length. Spin-on glass can be used to replace the ARC as a spacer. More 

detailed research can be conducted to improve the coupling efficiency in the waveguide by 

changing the grooves' height of the grating and varying the thickness of the spacer. Replacing the 

photoresist grating with metals can also increase the efficiency of the grating coupler. Optimizing 

the grating parameter, it is theoretically possible to achieve a higher coupling efficiency for a 

uniform grating structure [3-5].  

 6.2.7 IIM for an in-line metrology system 

In this dissertation, for IIM experiment images, we have used 3 sec of integration time in the 

LabView software to capture each sub-image. The integration time was set at 3 sec to have a higher 

SNR value of the signal. With the approach mentioned above of using a highly efficient camera of 

high dynamic range and using a higher power laser source to illuminate the object, it will be 
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