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ABSTRACT
We demonstrate an increase of resolution over conventional microscopy
configuration optical system using imaging interferometric microscopy (IIM), which is
related to holography, synthetic aperture imaging and off-axis/dark-field illumination
techniques. This involves both off-axis coherent illumination and re-injection of
appropriate zero-order reference beams onto the image plane for image formation.
First, in this dissertation, a simple case of IIM is presented where only one offset
exposure in each direction was used. This allows 0.5 µm (0.8 λ) feature resolution using 0.4
NA (numerical aperture) objective and 633 nm illumination source in contrast with
conventional microscope resolution limited by 0.6λ/NA=1.5λ~ 950 nm.
After that, we show the extension of frequency space coverage to 1+NA using two
offset sub-images in each direction. Position and intensity of the sub-images are
determined by comparison of the reference object with corresponding simulations by
MSE (mean-square-error) calculation. We describe image distortions due to the subimages overlapping in Fourier space and show the necessity of filtering images.
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Then, we approach the λ/4 theoretical linear systems limits of optical resolution by
tilting the object plane. We describe the frequency space distortions due to the nonlinear
frequency transformation, associated with a non unaxial optical system and propose the
method of the frequencies recalculation. After fast Fourier transform (FFT) of the
experimental (distorted) real space high-frequency sub-image is taken to provide a
frequency space, the experimental frequencies are corrected. Fractional frequencies are
used for the inverse transform or interpolation (both amplitude and phase) to assign
values to the nearest frequencies on the appropriate grid. Images are reconstructed after
converting back to real space.
In the present experiments, the frequency space coverage extends to 1.87/λ or to a
pitch of 170 nm using a 633-nm wavelength source. These results are achieved using a
modest 0.4-NA optical system and retain the working distance, field-of-view and depthof-field advantages of low NA systems while approaching ultimate linear-systems
resolution limits. Extension of this approach to 193-nm immersion provides a route to <
40-nm resolution optical microscopy.
This technique may be useful for solving defocusing problems, mask inspection,
biological research and other applications.
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Chapter 1. Introduction

1.1 Overview of microscopy and its achievements.
Microscopy is among the oldest applications of optical science and remains one of
the most widely used optical technologies. A microscope (Greek: μικρόν (micron) =
small + σκοπεν (skopein) = to look at) is an instrument for viewing objects that are too
small to be seen by the unaided eye [1].
An unknown inventor created the first vision aid circa 1000 AD [2]. It was a glass
sphere (called a reading stone) that magnified when laid on top of reading materials. In
circa 1284, Italian, Salvino D'Armate made the first wearable eye glasses. About 1590,
two Dutch eye glass makers, Zaccharias Janssen and his son Hans Janssen experimented
with multiple lenses. They placed them in a tube and observed that viewed objects in
front of the tube appeared greatly enlarged. The magnification of these early scopes
ranged from 3X to 9X. In 1609, Galileo, father of modern physics and astronomy,
worked out the principles of lenses, and made a much better instrument with a focusing
device. In 1665, English physicist, Robert Hooke looked at a sliver of cork through a
microscope lens and noticed some "pores" or "cells" in it. In 1674, Anton van
Leeuwenhoek built a simple microscope with only one lens to examine blood, yeast,
insects and many other tiny objects. He was the first person to describe tiny cells and
bacteria. Leeuwenhoek invented new methods for grinding and polishing microscope
lenses that allowed for curvatures providing magnifications of up to 270, the best
available lenses at that time [2].
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Technical innovations improved microscopes, leading to microscopy becoming
popular among scientists in the 18th century. Lenses combining two types of glass were
made that reduced the "chromatic effect" of the disturbing halos resulting from
differences in refraction of light. In 1830, Joseph Jackson Lister reduced spherical
aberration by showing that several weak lenses used together at certain distances gave
good magnification without blurring the image. This was the prototype for the compound
microscope [1,2]
In 19th century, several European countries began to manufacture fine optical
equipment.

Also, the marvelous instruments were built by the American, Charles A.

Spencer, and the industry he founded in USA [1].
Magnification increased a hundred times, but numerical aperture (NA) of the
objective/condenser system determines the range of useful magnification for an
objective/eyepiece combination [3,6]. There is a minimum magnification necessary for
the detail present in an image to be resolved. Resolution in an image-forming system is a
measure of the ability to separate images of two neighbouring object points [7]. For
visual perception with the human eye, magnification is usually set as 500 times the
numerical aperture [8]. Magnification higher than this value will yield no further useful
information or finer resolution of image detail. So the goal is to increase the effective NA.
In 1872, Ernst Abbe, then research director of the Zeiss Optical Works, wrote a
mathematical formula called the "Abbe Sine Condition", which is a condition that must
be fulfilled by a lens or other optical system in order to produce sharp images of off-axis
as well as on-axis objects. It states that the sine of the output angle should be proportional
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to the sine of the input angle. Also, he provided calculations for the maximum possible
resolution d in microscopes for one dimension structure [9]:

d=

λ
NA

,

(1.1)

where λ is the optical wave length., and NA is numerical aperture.
Then in 1903, Richard Zsigmondy developed the ultramicroscope, which was a
system of illumination for extremely small objects such as colloidal particles, fog
droplets, or smoke particles [10]. With this arrangement, objects too small to form visible
images in the microscope produce small diffraction ring patterns that appear as bright
specks on a dark field. Ultramicroscopes are used in the study of Brownian motion, in the
Millikan droplet experiment for measuring the electric charge of the electron, and in
observing ionization tracks in cloud chambers [10].
In 1934, Fritz Zernike invented the phase-contrast microscope that allowed for the
study of colorless and transparent biological materials [11].
A new technique called confocal imaging was first proposed by P. Nipkow and
pioneered by a postdoctoral fellow named M. Minsky who made the first stage scanning
confocal microscope at Harvard University in 1957 [12]. This method allows scanning a
series of thin optical `slices' through the thickness (Z-direction) of the specimen. Its
three-dimensional representation was generated and manipulated with image-processing
software [13]. In practice, the best transverse resolution of a confocal microscope is about
0.2 microns, and the best axial resolution is about 0.5 microns.
In 1998, 4π-microscopy appeared using a coherent source of light; additionally
the incorporation of a full spherical wavefront of a solid angle of 4π leads to a spherical
spot and hence to an improvement of spatial resolution in the z-direction [14]. In 1999,
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interference microscopy (I5M) appeared based on a novel interferometric technique in
which the sample is observed and/or illuminated from both sides simultaneously using
two opposing objective lenses and incoherent source of illumination. Separate
interference effects in the excitation light and the emitted light give access to higher
resolution (~100 nm) axial information about the sample than can be reached by
conventional widefield or confocal microscopes [15].
Most of the schemes and methods mentioned above work with fluorescent
materials, but there are some serious limiting associated problems with conventional
fluorescence microscopy. One of these is photobleaching of the fluorescent label
(chromophore) [16] due to the bright light, which causes fluorescent dyes to fade within
minutes of continuous scanning. In addition to photobleaching, phototoxicity is also a
problem [17]. Excited fluorescent dye molecules generate toxic free-radicals. Thus,
biologists must limit the scanning time or light intensity if they hope to keep the
specimen alive.
Some of these problems were solved by multi-photon microscopy [18]. Multiphoton absorption was predicted by Maria Göppert-Mayer in 1930, and the proof-ofprinciple was performed in the 1960s using continuous-wave laser sources [16]. Multiphoton fluorescence microscopy allows imaging in highly absorbing media, which
increases detection sensitivity, the contrast of images, enable full-frame video-rate
fluorescence lifetime imaging, to reduce considerably the generation of phototoxic
products. The resolution in this case became worse with a given fluorophore when
compared to confocal imaging[19,20].
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Lateral resolution that exceeds the classical diffraction limit [9] by a factor of two
(λ/3.3) was achieved by using spatially structured illumination in a wide-field
fluorescence microscope by M. G. L. Gustafsson in 2000 [21]. He illuminated a sample
with a series of excitation light patterns, which allowed normally inaccessible highresolution information to be encoded into the observed image. In 2005 he used saturation
with this non-linear effect and achieved resolution ~λ/10 [22].
Even more impressive results have been obtained by STED-4Pi microscopy [23].
They reported spots of excited molecules 33 nm with (λ/23) created with focused light of
λ = 760 nm wavelength and conventional optics along the optic axis[24]. This is
accomplished by exciting the molecules with a femtosecond pulse and subsequent
depletion of the excited state with red-shifted, picosecond-pulsed, counterpropagating,
coherent light fields. Recently they increased resolution to λ/50 [25] and were able to see
15-20 nm spots.
The high resolution methods mentioned above imply working only with
fluorescent media, which limits their applications. So, non-luminescent microscopy
remains an important field of modern research. Digital holography is one of the most
promising methods to overcome the conventional microscopy resolution limit (Abbe Sine
Condition). It is closely related to our approach. Digital holography allows reconstruction
of both the amplitude and the phase of imaged objects. The amplitude distribution of the
imaging beam is mixed in the Fourier plane with a reference wave. The hologram is
recorded with a CCD camera; then the object wavefront is reconstructed numerically
using the Kirchhoff–Fresnel propagation equations [26,27,28,29]. However, for both offaxis [29] and on-axis [30] holography, the finite number of recorded pixels and the size
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of the CCD limit the resolution of the digital holographic approach. Some techniques
have been proposed to overcome this limitation, such as phase-shifting digital holography
(PSDH) techniques and holographic synthetic aperture generation methods. PSDH uses a
phase shifting of the reference beam to evaluate directly the complex amplitude at the
plane of CCD [31,32]. PSDH has also been applied to three-dimensional microscopy
[33,34], encryption [35], and wavefront reconstruction [36].
A significant resolution improvement is obtained using holographic synthetic
aperture methods. The term “synthetic aperture” came from synthetic aperture radar
(SAR) – a device that is used for remote sensing by aircraft [1,59]. It is difficult to
distinguish points along the track of the aircraft with a small antenna. However, if the
amplitude and phase of the signal returning from a given piece of ground are recorded,
and if the aircraft emits a series of pulses when it travels, then the results from these
pulses are combined. Effectively, the series of observations can be combined just as if
they had all been made simultaneously from a very large antenna. This process creates a
synthetic aperture much larger than the size of the antenna (and in fact much longer than
the aircraft itself).
As the analogue to SAR, the holographic synthetic aperture methods are based on
the generation of a synthetic aperture by combining different holograms recorded at
different camera positions to construct a larger digital hologram [37,38]. The resolution
improvement increases with the number of recorded holograms.
Other approaches to generate synthetic apertures are based on super-resolution
techniques [39-50]. The basis of super-resolution is to produce a synthetic enlargement in
the system aperture without changing the physical dimensions of the lenses or the
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illumination wavelength [41,45,46]. Many attempts had been proposed for superresolution imaging based on a certain a-priori knowledge about the object, such as its
time independence [45-47], polarization independence [48,49], or/and wavelength
independence [50]. All of these parameters are involved in information capacity theory
[41,42,44], which gives an invariance theorem for the number of degrees of freedom of
an optical system. This theorem states that it is not the spatial bandwidth but the
information capacity of an imaging system that remains constant. Thus, it is possible to
extend the spatial bandwidth by encoding or decoding the additional information onto
unused parameters of the imaging system. For example, time independence of the object
allows for sequential recording of partial images, or polarization independence allows for
simultaneous recording of partial images in orthogonal polarizations, and so on.
We describe here a possibility to achieve the limit of resolution using time
independence of the object and some restrictions of the field of view as a result of using
known reference objects. A related concept has been introduced for lithographic image
formation (imaging interferometric lithography or IIL) [51-56]. Optical lithography
remains the only manufacturing technology for industrial semiconductor processing. The
critical dimension (CD) of state-of-the-art features in commercial products at the time of
the report is 45 nm [57]. This impressive development in miniaturization not only paces
semiconductor manufacturing technology, but also continuously demands new tools for
more efficient and cost-effective metrology. A natural approach is to apply some of the
techniques invented for higher resolution printing to high-resolution metrology tools. Our
group’s main effort in the last years was to invent, develop, and understand the Imaging
Interferometric Lithography technique (IIL). After showing proof of the principle
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possibilities of IIL, we have recently concentrated our efforts on transferring the IIL
principle to microscopy [58] and started to work with Imaging Interferometric
Microscopy (IIM).
1.2 Basics of Imaging Interferometric Microscopy.
1.2.1 Image Formation.
The goal of IIM is to get high resolution with a relatively low NA microscope
objective. Multiple partial images with off-axis illumination and interferometric optics
assemble a composite image corresponding to a total frequency space coverage extending
out to 2/λ. corresponding to the highest angle at which diffracted light from an object is
available (incident beam at grazing incidence and diffraction in the backward direction).
First, consider a conventional optical system (Fig.1.1) with a simple unblazed
grating illuminated by coherent light, and with a sufficiently large NA so that the 0-order

E0 , the symmetrical first orders E1ei 2πx / d , E−1e −i 2πx / d , and the symmetrical second orders
E 2 e i 4πx / d , E−2 e −i 4πx / d are diffracted beams. Here d is a grating period.
The imaging information comes from the interference of the zero-order beam with
each of higher order diffracted beams, transmitted through the lens NA. In addition there
are contributions from the interference of each order with itself (constant across the
image) and from the interference of different diffracted orders (the same terms that
contribute to a dark field image). Mathematically, the field at the image plane can be
described as:

Etotal = E0 + E1e i 2πx / d + E1e −i 2πx / d + E2 e i 4πx / d + E2 e − i 4πx / d =
E0 + 2 E1 cos(2πx d ) + 2 E2 cos(4πx d )
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(1.2)

where we assume that light is s-polarized, and the mask is a thin amplitude grating so that

Ei = E-i , for i=1, 2.

E2 ei 4πx / d
E1e i 2πx / d

E0
E1e−i2πx / d

E2e−i4πx/ d
Fig.1.1. Conventional image formation.

Then the intensity is:

I total = E0 + 2E1 cos(2πx d ) + 2E2 cos(4πx d ) =
2

2

2

E0 + 2 E1 + 2 E2

2

(baseline)

+ 4 E0 E1 cos(2πx d ) + 4 E0 E2 cos(4πx d )

(image)

+ 4 E1 E2 cos(2πx d ) + 2 E1 cos(4πx d ) + 4 E1 E2 cos(6πx d ) + 2 E2 cos(8πx d ),
2

2

(dark field)
(1.3)
The result has been parsed into three categories: baseline or constant terms with no
spatial information, imaging terms corresponding to the interference between the zero
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and higher-order-terms, and dark field terms corresponding to the interference between
non-zero orders.
Now we show that it is possible to obtain the higher image terms using a lower

NA lens and off-axis illumination. In the case of a lower NA lens, when grating period
and lens NA are such that only the 0-order (grating transmission) and first diffracted
orders are transmitted through the lens and onto the CCD camera (Fig. 1.2), the intensity
at the camera plane can be described as:

I low = E0 + 2E1 cos(2πx d ) = E0 + 2 E1 + 2 E0 E1 cos(2πx d ) + 2 E1 cos(4πx d ) (1.4)
2

2

2

2

E1e i 2πx / d

E0
E1e−i2πx / d

Fig.1.2. Intensity distribution of conventional low NA lens, when the 0-order (grating transmission)
and first diffracted orders are transmitted.

Then the E 2 terms can be restored by the extreme off-axis illumination (the term
“extreme” refers to the fact that the 0-order beam is outside the lens NA), which is used to
collect the diffraction orders that fall outside of the collection NA of the optical system
(Fig.1.3). We also capture the third order in this case, which we ignore for simplicity of
calculations. The 0-order beam is reintroduced in the image plane by additional optics, so
the intensity in the image plane will be:
10

I high = E 0 e

if reff x

+ E 2 e i 4πx d e

−if offf x 2

= E 0 + E 2 + 2 E 0 E 2 cos (4πx d ) ,
2

2

(1.5)

where f off is negative frequency shift due to the inclined illumination (high frequencies
are shifted in the region of low frequencies) and f ref is positive frequency shift due to
reference beam inclination (frequencies are shifted back to original range). The incident
angle of the reference beam is adjusted in such a way that f ref = f off , so they are
cancelled in the equation.

E 2 e i 4 πx d e

− if offf x

E0e

if reff x

Fig.1.3. High-frequency imaging setup. The extreme off-axis illumination allows the high orders to be
transmitted through the lens and interfere with the 0 order that is brought around the lens.

IIM employs an intensity image addition of several coherent images. The two
partial images form the following equation, and one can see that the image part
(underlined) is the same as in equation 1.3:

11

2

2

I total = I low + 2 I high = 3 E 0 + 2 E1 + 2 E 2

2

+ 4 E 0 E1 cos(2π x d ) + 4 E 0 E 2 cos(4π x d )

(1.6)

+ 4 E1 cos(4π x d )
2

Notice that this is a single side-band system; the sideband not collected by the
optical system is restored as a result of the square law intensity response. Clearly, in this
simple case it is possible by measuring the spatial frequencies and intensities to
reconstruct the image (e. g. to determine d, E0, E1, and E2). However, the reference beam
in our experimental set-up is transmitted around the lens, so it has an arbitrary amplitude
and phase. So, if only the second order is transmitted through the lens and interferes with
the reference beam, the intensity distribution of high frequency image is the following:

I high = AE 0 e

iϕ ref

e

if reff x

+ E 2 e i ( 4πx d +ϕ ) e

−if offf x 2

=

AE 0 + E 2 + 2 AE 0 E 2 cos (4πx d + ϕ ref + ϕ ),
2

2

(1.7)

where A is reference attenuation factor, ϕ ref - phase of the reference beam, ϕ -phase of
the high frequency. So, using a reference object and tuning phase of the reference beam
with piezo-actuator, we can adjust the system in such a way that ϕ ref = 0 in order to
match the phases of the low and high frequency sub-images. Also, we use ND-filters to
adjust A in such a way that E 0 ~ E 2 in order to have the maximum contrast of the
image (optimum signal-noise ratio). Then the correct intensities of the sub-images are
adjusted electronically by comparing with the reference object, which will be discussed
later. In this way, with multiple images, we have achieved a resolution corresponding to a
larger NA lens. If an optical system could record the scattering from an object for all
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spatial frequencies up to 2/λ, a higher resolution image, extending to CDs as small as λ/4
would be achievable. For arbitrary patterns, the resolution is somewhat degraded as a
result of the need to capture a range of additional frequencies to define the image, in the
same spirit as Rayleigh’s criterion, this limit is CD~λ/3.3.
1.2.2 Imaging Interferometric Microscopy: main concept and realization
The resolution of a traditional microscopy system is given by the well-known
Rayleigh criterion, which states that the smallest resolvable distance between two points
sources is the one that brings the maximum of one Airy pattern onto the minimum of the
second [7,59]. This criterion can be generalized to include point spread functions (PSF)
that have no zero in the neighborhood of their central maximum by taking the resolution
as the distance for which the ratio of the value at the central dip in the composite intensity
distribution to that at the maxima on either side is equal to 0.81. This corresponds to the
original Rayleigh resolution for a circular aperture. The PSF (which is actually the
Fourier transform of the point source spectrum filtered by the optical transfer functions
discussed above) of circular aperture (typical lens) is a Bessel function, the first zero of
which corresponding to an intensity minima is located at 1.22, which determines the
minimum resolvable separation of geometrical points d, which is given by :

d = 2CD = 1.22

λ
NA

,

(1.8),

where λ is the optical wave length., and CD or critical dimension, borrowed from
lithographic terminology, is the smallest resolvable linear dimension or half of the period:

CD = 0.61

λ
NA
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(1.9)

The main concept of IIM is to improve the resolution using a synthetic aperture
approach in which different regions of frequency space are recorded in separate partial
images. One possibility for the frequency space coverage of our sub images is shown in
Fig.1.5-a, well suited to a Manhattan geometry problem for which the major spectral
components are near the x and y axes. In IIM, spatially coherent light is used to illuminate
the object. For normal incidence illumination, the central circle represents the beams
diffracted from the mask corresponding to spatial frequencies <
_ NA/λ, including the zeroorder transmitted through the optical system. Inner and outer circles represent higher
spatial frequencies, which interfere with 0-order at the image plane and extend effective
NA to 3NA/λ and to (1+NA)/λ correspondingly. Clearly, if we take five images with
NA=0.4, we will have overlapping in the frequency space, the influence of which will be
discussed later.
It follows from formulas 1.2, 1.3 and Fig.1.1 that the electrical field will be
transmitted through the optical system with the unchanged amplitude until the highest
frequency is restricted by the entrance pupil (numerical aperture of the system).
Therefore, it is evident that Electric Transfer Function (ETF) is a step function in cross
section with a cut off at NA/λ.
Since we work with an effective NA, we will calculate the resolution by a
modified Rayleigh formula:
CD = K 1
where K 1 = 0.61

λ
NA

,

NA
equals 0.174 for NAeff =1.4
NAeff

ETF corresponding to our case, where effective NA=1.4 is shown in Fig 1.5-a.
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(1.10)

For incoherent illumination the optical transfer function for a circular aperture is
autocorrelation function of the circular amplitude pupil function, called the modulation
transfer function (MTF) and has the following form [59]:

⎡
2 ⎢ −1 ⎛⎜ f i
MTF ( f i ) = ⎢cos
⎜2f
π
⎝ opt
⎢⎣

⎞
⎛ f
⎟ − fi
1− ⎜ i
⎟ 2f
⎜2f
opt
⎠
⎝ opt

⎞
⎟
⎟
⎠

2

⎤
⎥
⎥
⎥⎦
(1.11)

f opt =

NA

λ

where f i – corresponds to spatial frequency and f opt is the coherent cut off NA/λ. The
MTF falls from 1 to 0 at twice the coherent cut off (Fig 1.4 b). Thus, for incoherent
illumination, the spatial bandwidth extends to 2λ/NA, but with reduced fidelity at high
spatial frequencies [59]. Partial coherent illumination provides a result between these
limits, not extending as far in frequency space, but with a larger transfer coefficient for
the high spatial frequencies that are within the bandpass of the optical system [60].
For comparison, the MTF for incoherent illumination for NA =0.9 is shown in
(Fig.1.5-b). NAef increases twice, but the transfer function reflects a decreasing response
at the high frequencies.
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IIM

Incoherent
(1+NA)/λ

3NA/λ

λ/λ
2NA
2NA
/

NA/λ

NA/
NAλ
/

aa

b

Fig. 1.4. Frequency space coverage: a) five-exposure IIM with NA = 0.4 corresponds to the top case with two
offset exposures in each of the x- and y-directions and b) conventional incoherent illumination imaging with an
NA = 0.9 optical system

coherent λ =633nm

EFT
1

1

MTF

NA 0.9

NA 0.4

a 1.4

incoherent white

0 NAeff

b 1.4

1.8

0

NAeff

1.8

Fig. 1.5. Transfer functions: a) Electric field transfer function (EFT) for IIM NA=0.4 and b) modulation
transfer function (MTF) for conventional illumination imaging with NA = 0.9

1.3 Development and advantages of interferometric microscopy

A major advantage of imaging interferometric microscopy (IIM) over imaging
interferometric lithography (IIL) is that the partial images can be electronically
manipulated, whereas in the lithography case the images are chemically stored in the
photoresist and are not individually accessible. Because each partial image is obtained
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with a low-NA optical system, the depth-of-field, field-of view and working distance of
the low-NA system is retained, but the final composite image has a resolution roughly a
factor of two better than that possible with a single high-NA lens using conventional
illumination approaches. We have presented this in the experiment for a simple case with
only one offset image in each direction and demonstrated the possibility of resolving 500
nm features using a 0.4 NA objective at a 633-nm wavelength (λ/1.2) [58].
Subsequently to our initial publication [58] S.Alexandrov et al. [61,62] introduced
an an alternate related concept wherein the images were recorded directly in the Fourier
plane, which can increase the system information capacity for a given camera, but also
can lead to ambiguity of phase determination and possible information loss on highly
periodic images due to the restricted dynamic range of the CCD camera. In order to
determine the correct phase for image reconstruction it is necessary to have a reference
object, which is impossible in this case.
The same experiment [58] was reproduced by Price et al. [63] for wavelength 532
nm and a 100x objective with NA=0.59 to show an improvement in the effective
numerical aperture from 0.59 to 0.78.
Then with a setup similar to that of Ref 58, a VCSEL array was tested as a source
of light for the off-axis illumination, providing a simple optical system that is switched
by either turning on individual VCSELs or by relying on their mutual incoherence to
record all of the offset images in a single step [64-66]. In the method of V. Mico et al.
[64], the authors have used five sources simultaneously to increase the system spatialfrequency bandwidth. Although other authors have implemented incoherent illumination
sources to increase the resolution of optical imaging systems [67,68]. Recently, V. Mico
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et al. [65] have extended the optical system of Ref. [64] for working with twodimensional (2D) objects. The recording process is done by interference of each
frequency band with a complementary set of reference plane waves in parallel. The
benefit of this system is improved modulation speed, which leads to more rapid image
synthesis. Moreover, any desired synthetic coherent transfer function can be realized at
fast rates by changing the electrical drive of the VCSEL array. However, the main
disadvantage of this setup is that the holograms for the different bandpasses are
incorrectly overlapped, and so the combined image is distorted. Also, they had additional
noise as is the case for Ref. [64], due to the splitting of light for the reference beam
before illuminating the object.
Then another method was introduced that uses a collection of mutually incoherent
point sources at different lateral positions that serve as spherical and tilted illuminations
for the object, since every point source gives a spherical wave with a different origin
[69]. In this case, the input object also could be illuminated by off-axis illumination
angles higher than that defined by the NA of the microscope objective [68,70]. In this
way a resolution improvement by a factor of 3 was shown to be achievable using off axis
illumination with a maximum illumination angle equal to the NA of the imaging lens. The
disadvantage of these methods in comparison to ours is that angle of illumination is
limited by NA1+ NA2, where NA1 is a numerical aperture of optical elements between
VSCEL and a sample, and NA2 is the numerical aperture of imaging system.
Improvements in microscopy will have significant impacts on many fields. Subwavelength resolution imaging has been of intense interest, particularly for metrology
applications in semiconductor manufacturing [71].
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Many applications simultaneously require high-resolution imaging over large
fields with a large working distance from the specimen. For traditional optical designs
these requirements conflict: high-NA and hence high-resolution is associated with a short
working distance, a small field-of-view and a small depth-of-focus. Solutions exist that
retain the large NA at a large working distance, but these are optically complex and
expensive and do not solve the depth-of-focus and field-of-view issue. Mask inspection
for the semiconductor industry provides one example of these requirements. The
dimensions of mask features decrease with Moore’s law and are currently under 180 nm
(and even smaller down to 45 nm, for sub-resolution assist features), assuming a 4X
reduction lithographic system. High-speed inspection demands an imaging solution in
place of the traditional serial, raster-scan approach. Lithographic masks have a protective
pellicle mounted several mm above the mask; the imaging optics must stand off from the
mask, requiring long working distance optics.
Cell biology also needs microscopes with high resolution (the size of bacteria is
often between 150-2000 nm) [72], with long working distances, large depth-of-focus and
large field of view. IIM meets all this requirements and has resolution higher than the
conventional microscope.
In this dissertation I demonstrate that optical resolution limit of

~λ/4 is

achievable using IIM and show ability to resolve smaller features compared with any
other non-fluorescent methods described above.
In Chapter 2 I describe the possibility of extending the frequency space coverage,
corresponding to effective NA from 1.2 to 1.38, by using two offset images in each
direction. So, even with a smaller numerical aperture, NA = 0.4, we improve the limit of
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resolution to ~λ/2.76, well beyond the capability of a traditional microscopy system with
the same objective lens and conventional illumination approaches. I also describe an
approach to the linear-systems limit of resolution, λ/4, by increasing the coverage of
spatial frequency space using the second pair of off-axis images with tilting the object
relative to the optical axis. We analyze distortions due to tilting the mask relative to the
objective optical axis leading to frequency shift in Fourier plane and to conical diffraction
[73] and show developed methods of the image restoration.
In Chapter 3 I describe the experimental setup and present experimental results.
Reconstructed images obtained by one one-axis and two off-axis images, which extended
the effective NA to 1.2 (3NA), are shown and compared with simulated and standard
microscope images. A similar procedure with 5 images resulted in effective NA extended
to 1.38. The distorted images with tilted mask were taken and restored by the algorithm
described in Chapter 2. Using this approach, the extension of the effective NA to 1.87
and the resolution of up to 180 nm (λ/3.52) for aperiodic objects, with some limitations
due to the loss of high frequencies, and of up to 170 nm for gratings (λ/3.72) are
demonstrated. The problem of defocusing for this tilted geometry is shown to be related
to the frequency distortion and is correctable.
In Chapter 4, the mean square error (MSE) method is applied for image quality
estimation and to investigate threshholding for binary images. Theoretical and
experimental MSE curves are compared and the importance of the method is discussed.
Chapter 5 contains conclusions and future directions of our wor
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Chapter 2. Principles and theoretical analyses
2.1 Extension of frequency space coverage to (1+NA)/λ
The overall concept corresponding to our experiment is shown in Fig. 2.1 which
represents the frequency space coverage of our exposures using a NA = 0.4 objective
mapped against the Fourier amplitude coefficients of a 240-nm critical dimension (CD,
half-pitch of the finest structures) Manhattan (x, y) geometry structure (shown in Fig. 2.1a). At a wavelength of λ =633 nm (He-Ne laser), the imaging resolution limit [1] of this
objective with conventional illumination is ~ 0.6λ/NA ~950 nm.

1.2/λ
0.8/λ
0.4/λ

a

b

1.4/λ
1.38/λ

Spectral
coverage
ov erlap

Fig.2.1 a) Manhattan geometry pattern used for image resolution exploration consisting of five nested“ells”
and a large box. The lines and spaces of the “ells” are 240 nm. b) intensity Fourier space componentsof the
pattern, mapped onto the frequency space coverage of the imaging system.

The two circles at radii of 0.4/λ (NA/λ) and 0.8/λ (2NA/λ) correspond to the
approximate frequency space limits for coherent and incoherent illumination,
respectively. The optical system with NA = 0.4 objective acts as a low pass filter that
limits the frequency space to the maximum frequency corresponding CD ~790 nm. The
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resolution can be improved by using off-axis illumination, providing an effective NA
increased according to equation [2] for inclined incident beam:

sin α ill + m

2π
= sin β ,
d

(2.1)

where α ill is the angle of incidence, β is the output angle of the diffracted beam and m =
0, ±1, ±2,… is an integer. In the following we will focus on m = -1; similar
considerations apply to all diffraction orders. As it was shown before (Fig. 1.3), IIM uses
an off-axis illumination, dark-field arrangement where the zero-order transmission is
shifted outside of the imaging pupil plane, with the additional of an interferometric
reintroduction of the zero-order beam on the low NA side of the lens to restore the
original frequencies [3]. So, the inner set of shifted circles in Fig. 2.1 extends the radius
to 3NA/λ = 1.2/λ or minimum resolution of half pitch to ~260 nm in the x- and ydirections, shows the frequency space coverage added with two offset partial images. As
the same objective is used to obtain these partial images, the frequency space coverage
corresponds to two offset circles of diameter 2NA/ λ = 0.8/ λ. The imaging is single sideband, so only the diffracted plane waves to one side of the object are collected (opposite
to the tilt of the illumination beam). The square law (intensity) response of the image
formation process restores the conjugate frequency space components, resulting in the
two symmetric circles in Fig. 2.1-b for each exposure. The offset (off-axis tilt) for these
exposures was chosen to ensure that there was no overlap between the spectral coverage
of the low-frequency partial image (coherent illumination, frequency coverage extending
out to NA/ λ) and the offset images. As discussed previously [3], improved images can be
obtained by subtracting the dark-field components of the image (with the zero-order
transmission blocked). Additional frequency space coverage is available with a second
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pair of off-axis exposures, represented by the outer set of shifted circles in Fig. 2.1-b,
with a larger tilt of the illumination plane wave, approaching grazing incidence. The
maximum frequency coverage in these exposures (as follows from equation 2.1) extends
to (0.98+NA)/ λ (= 1.38/ λ or increases the resolution to ~230 nm), as we can not incline
our beam more than 80° [sin(80°) = 0.98] to the object plane because of multiple
scattering in the anti-reflection coated substrate, which leads to phase and intensity
distortions. Clearly, the frequency-space coverage of the outer circles captures the
fundamental frequency components of the image in this situation. There is significant
overlap between the frequency coverage of the first and second sets of partial images as
illustrated in the figure 2.1. Simulation of reconstructed images with overlapping
frequencies and filtered images in the Fourier plane in such a way that the overlapping is
excluded for NA=0.5 are shown in Fig. 2.2-a, b

b

a

Fig.2.2. Simulation of reconstructed image: a) with and b) without overlapping

It is obvious that to provide a faithful image, it is necessary to exclude the double
coverage of frequency space associated with the image spectral overlaps. This can be
accomplished by filtering the images either optically (with appropriate apertures in the
back focal plane) or electronically once the images are recorded in digital form.
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Importantly, since each of the partial images involves only the NA of the
objective, this imaging concept retains the working distance, depth-of-field and field-ofview associated with the low-NA objective, but has a resolution beyond that achievable
with even the highest NA objective using either coherent or incoherent illumination
approaches.

2.2 Extension of frequency space coverage to λ/4
2.2.1 Main concept of the experiment.

The minimum CD we can resolve theoretically is λ/4. One way to achieve this limit
is to use an objective with NA=1 and the beam inclined 90° with respect to the normal to
the object plane. However, we are interested in using lower NA objective and retaining a
long working distance. The other way to increase the spatial frequency space coverage
beyond (1+NA)/ λ is to tilt the object plane. Then missing high frequencies (Fig. 2.3-a)
can be captured by the objective with a lower NA (Fig. 2.3-b).

a

b

Fig. 2.3. Optical arrangement using a) off-axis illumination, b) off-axis illumination and . .
tilted object to enhance the frequency space information
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The frequency space coverage using a NA = 0.4 objective is shown in Fig 2.4-a
superimposed on the frequency space intensity plot for a 180-nm CD object with the
same structure as shown in Fig. 2.1. In this case, the second pair of off-axis exposures
with the object tilted extends the frequency space coverage out to ~1.87/λ. The covered
frequency region becomes elliptical rather than circular, because of frequency space
distortions associated with this non-uniaxial optical system (the normal to the sample and
the optical axis of the objective are not coincident). The constraints of the optical system,
both physical and optical (aberrations), restrict the tilt and thus limit the frequency-space
coverage to less than 2/λ. To cover the highest spatial frequencies, the object plane
should be tilted to π/2 – sin-1NA (~ 66.42°). The tilt causes image distortions, which will
be discussed in details later, so we are interested in making it as small as possible. In our
experiments, however, the tilt was ~ 39° because that angle allowed us to almost reach
the limit of resolution, NA was 0.4, and the incident beam angle tilt was 80° with respect
to the normal to the object plane. So, the effective aperture:

(

(

))

NAeff = sin sin −1 sin −1 ( NA) + θ tilt + sin (α ill )

(2.2)

is between 1.25 and 1.87, which allows features with CD ~169 nm to be resolved.
If the CD is decreased to 170 nm, the corresponding frequency peak is at the edge
of the collection limit (Fig. 2.4-b) and high frequency sidebands of the image are not
collected, which causes distortions, such as extra features arising from a hard cut-off in
frequency space due to the Gibbs [4] effect.
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1.2/λ
0.8/λ
0.4/λ

a

1.87/λ

1.4/λ

2/λ

b

Fig. 2.4. Frequency space coverage with tilted mask, a) for 180-nm CD structure, b) location of
high frequency for 170 nm structure.

It was still possible to resolve 170 nm features on gratings, as the peak in Fourier
space (green line in Fig 2.5) is located before the NA cut-off (red line in Fig 2.5) and the
extend of the full space components of the image is much smaller. The test image is twodimensional structure and is resolved with poor quality, because the frequency peak (blue
line in Fig 2.5) becomes wider and is partially cut off by the pupil aperture of the
objective.
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Fig. 2.5. Cut of Fourier spectrum of Manhattan structure and grating by NA.

In the case when the object plane is tilted, the field of view decreases because
only a small portion of the mask is in focus. As far as the depth of focus of our objective
is 6 µm and the mask tilt angle is 39°; the field of view in focus is 9 µm. It is still enough
to adjust focus of the optical system on small structures and to record images. The
possibility of the entire field restoration will be discussed below.
2.2.2 Distortions due to the mask tilt.
2.2.2.1 Nonlinearity of magnification – geometrical approach.

It is obvious that tilting of the object plane leads to image plane tilting which is
shown with a single lens model (Fig 2.6). In this case we have distortions due to the
variation of magnification in the image plane, which can be estimated by deriving
equations for distance variations in the image and camera planes (Appendix). We discuss
geometrical approach in this section. However, we show that it does not allow us to solve
the distortion problem as it is not suitable for our setup. So we suggest another approach
in the next section.
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Fig. 2.6. Model with one lens

Equations for distance variations in the image and camera planes derived from the
thin lens formula [1]:
1 1
1
+
=
s1 s 2
f

(2.3)

where: s1 – distance from the object to the lens, s 2 distance from the image to the lens, f
– focal distance. The dependence of image plane tilt ρ (θ tilt ) on the object plane tilt angle

θ tilt has the following form:

ρ (θ tilt ) =

π

⎛ 1
⎞
+ tan −1 ⎜ cot(θ tilt ) ⎟ ,
4
⎝M
⎠

(2.4)

where M is system magnification on the optical axis.
This dependence for magnification of our system M=200 is shown in Fig 2.7. We
see that 39° tilt of the mask causes 89.6° tilt of the image plane. So, in order to keep the
whole field of view in focus we should tilt the camera 89.6° in opposite direction, which
is physically not possible due to the camera design. In addition to that, we have nonlinear
magnification in the image plane.

34

90

image plane tilt (degrees)

85
80
75
70
65
60

0

10

20
30
40
50
object plane tilt (degrees)

60

70

Fig. 2.7. Image plane tilt versus object plane tilt.

Dependence of the distance d 2 from the optical axis in the image plane versus the
corresponding distance d 1 in the object plane can be written as:
d2 =

d1 f M 2 sin 2 θ tilt + cos 2 θ tilt
f
−
− d1 sin θ tilt
M

(2.5)

The dependence is shown in Fig 2.8. It is clear from the graph that equal segments in
the object plane correspond to different length segments in the image plane.
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200

distance in image plane
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0

-100

-200

-300
-40

-20

0

20

distance in object plane

Fig. 2.8. Nonlinearity of magnification.

On the other hand, uniform magnification can be achieved by camera tilt. The
expression for the distance d 3 in the camera plane is:

d3 =

f (1 − M ) sin(ψ )
,
cos(ψ + ξ )

(2.6)

where ξ is the camera plane tilt angle and
d 1 cos θ tilt
⎝ d1 sin θ tilt − f ( M − 1) / M
⎛

ψ = tan −1 ⎜⎜

⎞
⎟⎟ .
⎠

(2.7)

Fig 2.9 shows variation of segments length in the camera plane for the fixed object
plane tilt 39° and magnification 200. The large field of view 2 mm and segments 40 µm
are taken for demonstration (on the edges of the field by purple and blue lines and around
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the middle by yellow, red and green lines). Vertical red line show shows camera plane tilt
where magnification is uniform. This occurs only if camera plane is tilted to the same
angle as object plane, but in the opposite direction than image plane tilt. So we will be
out of focus on the sides of the field of view.
Thus, the only way to restore the image using the geometrical approach is to take
pictures with the camera tilt angle equals image plane tilt (in our case it is 89.6°) and then
to correct it numerically. This method, however, requires a special type of camera. So, we
suggest a different approach to solve this problem without tilting the camera.

1.5

segment lenth (cm)

1.25

1

0.75

0.5
-60

-40

-20
0
20
camera tilt (degrees)

40

Fig. 2.9. Variation of segments length in the camera plane versus camera tilting.
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2.2.2.2 Frequency space approach to the mask tilt

As it was shown before it is difficult to solve image distortion problem using only
geometry of the optical system. So below, we describe another method based on
restoration of the diffraction picture.
The most familiar grating situation is when the grating wave vector is in the plane
of incidence and the usual grating equation (2.1) applies (Fig. 2.10).

Z

α
β
X

K
Fig. 2.10. Traditional co-linear grating geometry.

We consider the grating as a thin object <<λ. The momentum kinematics is
straightforward for the scattered beams:

(e

−ikxsinα −ikz cosα

e

)* (e ) → e
iKx

2
2
−ix ( k sinα − K ) −iz k −( k sinα − K )

e

.

= e−ikxsin β e−ikz cosβ

,

(2.8)

Here α is the angle of incidence, β is the output angle of the diffracted beam, 2λ/d = K is
the period of the grating. So, e −ikx sin α e −ikz cosα describes an incident beam, e iKx is a grating
term and e −ix ( k sin α − K ) e −iz

k 2 −( k sin α − K )2

is scattered light.

The important feature to note is that in the x-direction the photon momentum is
changed by a grating vector [5]. In the z-direction, perpendicular to the substrate, the
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momentum is changed by the amount necessary to maintain the propagating
beam: k x2 + k z2 = k 2 . The solution of the equation for k x will bring us back to formula 2.1.
.

The schematic of the case with tilted mask is shown in Fig 2.11. Mask tilt angle is

θtilt ; incident beam angle is α ill , β – is the angle of the diffracted order, related to the
grating surface normal and γ - is an angle between the order and optical axis.

Diffracted
beam

Z’

Z

Object plane

X’

Optical
axes

Fig. 2.11. Optical arrangement using a tilted object plane.

In the coordinate system (x,y,z), related to the mask the scattering angle β can be found
from the equation 2.1. So for a negative incident angle α and normalized grating
frequency f x in x-direction the following equation holds:
sin α ill + sin β = f x

(2.9)

When object plane is tilted, the 1st order comes at angle γ to the optical axis:

γ = θ tilt − β
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(2.10)

The optical arrangements for 0-order beam reintroduction in the image plane (Fig 2.12)
are the same as shown in Fig 1.3.

Z’

Camera plane

Z

Object plane

X’

Optical
axes

Fig. 2.12. Optical arrangement using a tilted object and 0-order reintroducing.

Again, the image reconstruction is obtained by the same grating formula (2.1). The
observed frequency depends on the angle of the reference beam α ref :

f xobs = sin(α ref ) − sin(γ )
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(2.11)

We consider the system without magnification for simplicity, so the γ is the same on both
sides of the lens. If we substitute γ from formula 2.10 and β from formula 2.9 to 2.11 we
will get the equation for the observed frequency:
f xobs = sin(α ref ) − sin(θ tilt − sin −1 ( f x − sin(α ill ))) .

It is obvious from this equation that

(2.12)

f xobs is not proportional to f x . Therefore, the

spacing between frequencies is not uniform since:
sin[θ tilt + β ] ≠ sin(θ tilt ) + sin(β )

(2.13)

The incident angle of the reference beam α ref can be adjusted to the known frequency
f ref from the reference grating on the mask, such that f xobs = f x = f ref . Then the value of

sin(α ref ) can be obtained from the formula 2.12:
sin(α ref ) = sin(θ tilt − sin −1 ( f ref − sin(α ill )) + f ref

(2.14)

The correct frequencies f x calculated from observed frequencies f xobs can be easily
derived from equation 2.12:
f x = sin[θ tilt − sin −1 (sin(α ref ) − f xobs ] + sin(α ill )

(2.15)

Fig. 2.13 shows the mapping between the observed spatial frequencies in the
tilted/offset image and the real spatial frequencies in the object.
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real frequency (NA)

1.8

1.6

1.4

1.2
1.2

1.4

1.6

1.8

2.0

observed frequency (NA)

Fig. 2.13. Mapping between observed spatial frequencies in tilted/offset image an real spatial
frequencies in object,

- for reference adjusted to frequency 1.76/λ,

- linear transform.

The case for the reference beams adjusted to give the correct frequency at 1.76/λ (red
line) is presented by the red line. The black line represents a simple linear transform,
which is clearly not a good approximation. Adding distorted exposures may cause image
reconstruction problems.

So, we have to adjust the scale in frequency space and

transform it back to real space to get the corrected image.
The range of captured frequencies along the x-axis for NA=0.4 versus the mask
tilt can be easily obtained from equation 2.26 and is shown in Fig 2.14 for the 360°
rotation of both the object plane and the incident beam, so that the angle of incidence is
always α = 80° with respect to the normal to the object plane.
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66.4
X:
66.4
2
Y: 1.985

2
1.8

reflected
frequencies
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1.251
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0
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180
240 270 300
Object plane tilt (degrees)
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Fig.2. 14. Range of captured frequencies versus mask tilt angle with incident beam angle α= 80°.

The blue line shows the variation of the upper limit of captured frequency with the
object plane tilt. Fig 2.14 shows that the upper limit keeps increasing with θ tilt up to θ tilt =
66.4 º and reaches the value of 2. The lower limit (green line) is also increasing as shown
in Fig 2.14, so the range of captured frequencies is decreasing with object plane tilt. When
the tilt angle θ tilt exceeds 66.4 º, we start to capture the reflected orders (area is shown in
yellow) and lose transmitted frequencies (area shown in green). When we reach 246.4 º,
we capture transmitted orders again. Both frequencies are captured when the mask tilt is
around 90 º and 270 º, where we have a fold of the captured regions.
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This fact, together with increasing distortions and aberrations, has to be taken into
consideration when choosing the angle of the mask tilt. The vertical red arrow corresponds
to the experimental conditions with a frequency extent in the plane of the tilt from NAmin =
1.25 to NAmax =1.87 (the minor axis of the ellipses in Fig. 2.6 b). The effective aperture in
the direction along the tilt decreases as the tilt increases, in the orthogonal direction the
effective aperture is invariant to the tilt, so the covered frequency region becomes
elliptical. Formula 2.26 is only appropriate to assign those frequencies on the x-axis; the
additional considerations are necessary to understand the mapping of all the frequencies,
which will be discussed below.

2.2.2.3 Conical diffraction

For diffraction of a plane wave from the tilted grating, both x and y components of
the grating wave vector are not mutually independent [5].
The geometry is shown in Fig. 2.15 for the case of grating at an arbitrary angle to the
plane of incidence..
Now the kinematics for the diffracted beans are:

e − ikx sin α e − ikz cosα e iKx cosϕ e iKy sin ϕ → e − ix (k sin α − K cosϕ )
* e iKy sin ϕ e −iz

k 2 −( k sin α − K cos ϕ )2 − K 2 sin 2 ϕ
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(2.16)

α

Z
Y

X

ϕ
K
Fig. 2.15. General case for conical diffraction, the grating wave vector is at
an angle ϕ to the plane of incidence.

Here again, the spatial frequencies in the x- and y- directions are just those expected from
a linear systems analysis, the spatial frequency in the z-direction adapts to the
requirements of the propagating plane wave.
2.2.2.4 Impact of conical diffraction on IIM

For off-axis illumination with the object plane normal to the optical axis, the tilts
away from the z-axis are unaffected by conical diffraction; hence the image is unaffected
and no corrections are necessary. Analysis of the case with a tilted object plane (in the x-z
plane) can be extended to the general conical diffraction case using eq. 2.16, since the tilt
couples the propagation vector in the z-direction into the observed position in the pupil
plane. In the case of two-dimensional structure f x = ( K / k ) cos ϕ is the grating moment
projection on the x-axis and f y = ( K / k ) sin ϕ is the projection on the y-axis (Fig 2.16).
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Z’

Camera plane

Object plane

X’

Optical
axes
Fig. 2.16. Optical arrangement with tilted object plane.

We consider the wave vector k in two coordinate systems: one corresponding to the
mask x, y, z and the other related to the optical system x’,y’,z’ (vector k ' ). Y-component
of the wave vector k y corresponding to a frequency f y is the same in both coordinate
systems because the mask is tilted only in x-z plane:

k y' = k y

(2.17)

As we have an incident beam inclined at an angle α, k x can be obtained from frequency

f x in x –direction from equation 2.1:
k x = kf x − k sin α ill ,

(2.18)

where k sin α is the projection of the incident beam on the x-axis and is negative
because of the opposite direction to the incident beam.
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Vector k z then will be described as:

k z = k − k x2 − k y2

(2.19)

When we tilt the object plane at angle θ tilt , the propagation vector k x' in x-direction will
be:

k x' = k x cos θ tilt − k z sin θ tilt

(2.20)

From the equations 2.17 - 2.20 substituted into kf xobs = k x' , it follows that transmitted
frequencies f tr can be described as:

f tr = ( f x − sin α ill ) cos θ tilt − 1 − ( f x − sin α ill ) 2 − f y2 sin θ tilt

(2.21)

Again, the observed frequency depends on the angle of the reference beam α ref (which
can be obtained from formula (2.14)):
kf xobs = k x' + k sin(α ref )

(2.22)

If we substitute corresponding values from equations 2.17 - 2.20 to 2.22, we will
obtain the equation for the observed frequency:
f xobs = ( f x − sin α ill ) cos θ tilt − 1 − ( f x − sin α ill ) 2 − f y2 sin θ tilt + sin(α ref )

(2.23)

If we solve the equation (2.21) for the real frequency f x , we obtain:

f x = ( f tr ) cos θ tilt + 1 − f y2 − ( f tr ) 2 sin θ tilt + sin(α ill )
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(2.24)

The solution of the equation (2.23) will give us the relationship between f x and the
observed frequencies f xobs and f y :

f x = ( f xobs − sin(α ref )) cos θ tilt + 1 − f y2 − ( f xobs − sin(α ref )) 2 sin θ tilt + sin(α ill )

(2.25 )

So, we recalculate the frequencies and then perform the shifted Fourier transform
of the high frequency distorted image (shifted in order to exclude phase distortion),
correct the frequencies and then come back to the real space by the shifted inverse
Fourier transform. Transmitted frequencies f tr versus the observed ones for different f y
(0, 0.2, 0.3, 0.4) are shown in Fig. 2.17. The difference of f x for various f y does not
exceed 4.5%, but it is especially important when we restore a large field of view that
covers many periods of the waveform.

Object Frame Spatial Frequency
(units of 1/λ)

1.9
1.8
1.7
1.6
1.5
1.4
1.3
-0.4

fy' = 0.4/λ

fy ' = 0

fy' = 0.3/λ
fy' = 0.2/λ
-0.2

0.0

0.2

0.4

Laboratory-Frame Spatial Frequency (units of 1/λ)

Fig. 2.17. Mapping between spatial frequencies in tilted/offset image and actual object spatial frequencies.
Curves correspond to the indicated spatial frequencies in the y direction. The decreasing extend of the
curves with increasing transverse wave vector is a result of the circular aperture of the objective.
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The geometrical objects in Fig. 2.18 correspond to frequency space coverage. The
blue circles show the range of the observed frequencies for a reference beam adjusted to
the red point corresponding to NA = 1.76. The orange ellipse represents the image

NA y-axis

frequencies range.

NA x-axis
Fig. 2.18. Real and observed frequency space coverage.

The measured image frequencies must be corrected before reconstructing the
complete image. This is accomplished in several steps: first the dark field real space image
is subtracted; then a fast Fourier transform (FFT) of the experimental (distorted) real space
high-frequency image is taken to provide a frequency space image, and the experimental
frequencies are corrected according to Fig. 2.17. The resulting frequency space
information is not suitable for an inverse FFT since the new frequencies are no longer on a
regular grid. Two techniques have been investigated to resolve this issue. Both amplitude
and phase are used to assign values to the nearest frequencies on the appropriate grid.
Also we use another method - Fourier sum with off-grid frequencies, which provides
restoration of the field of view. Both techniques provide roughly equivalent results for a
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single test pattern (about 20CD in extend). As far as frequency match is closer, the second
technique provides better results when reconstructing an extended image (as in Fig. 2.19).
The inverse transform is taken to convert the image back to real space. The procedure is
simpler and more robust if the both the focal point and the spatial origin of the FFT are
coincided, since the phase is invariant to image tilt around this point.
For a model with two images (CD = 180 nm and CD = 170 nm) (Fig 2.19), we can
see the difference between high-frequency filtered images (Fig 2.20) and distorted images
when the tilt causes frequency shift and conical diffraction (Fig 2.21). Fig 2.21 represents
the case where the image in the center is in focus and slightly distorted. The image on the
left is out of focus due to the mask tilt, so it is blurred and the lines are curved due to the
conical diffraction. The crosscuts of the image in Fig 2.20 are shown by the red line Fig
2.22 A and the crosscut of the image in Fig.2.21 by the green line in Fig 2.22 B. The graph
shows the significant shifting of the positions of the defocused object (Fig 2.22). There is
also an artifact at the right side of crosscut due to the periodicity of Fourier transform. In
our experiment we have an image close to the model in Fig 2.21.

Fig. 2.19. Model with two images : 180 nm CD and 170 nm CD.
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Fig. 2.20. Filtered high frequency model. (This represents the accurate image frame result)

Fig. 2.21. Distorted high frequency simulation. (This is equivalent to the laboratory- frame results).
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Fig. 2.22. Crosscuts of A - high frequency and B - distorted simulations.
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The restoration algorithm described above allows the image in Fig 2.21 to be
brought back to the image 2.20, and solves the defocusing problem. The crosscut of the
restored image is completely coincident with original high-filtered image.
Also, as we see on the model, even if simulation is in focus, adding distorted
exposures may cause image reconstruction problems (Fig 2.23).

a

b

Fig. 2.23. Model of: a) Reconstructed image and b) reconstructed with distorted high frequency partial
images.

We compare reconstructed models with original using mean square error method (MSE)
[6] (discussed in details in Ch.4). Assuming that MSE of the original picture with a gray
field 100%, we can estimate MSE of the left picture as 12.2 % and the right as 21.3 %.

2.3 Summary

In traditional optical microscopy configurations, the resolution is limited by the
optical system bandpass to ~ 0.6λ/NA. Imaging interferometric microscopy, employing
off-axis illumination with interferometric re-introduction of the zero-order transmission
on the low-NA side of the optical systems, extends the resolution to λ/(1+NA) by
additional sub-images and subsequent reconstruction of the image. We show the
extension of the effective aperture in x- and y-directions for the Manhattan pattern, which
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has only vertical and horizontal structures. If the pattern had inclined features in it, we
would have to take additional pictures at corresponding angles. The additional exposures,
however, increase the noise of the image, so their number should be just enough to
reconstruct the image.
Tilting the object plane allows collection of the highest spatial frequency
diffraction components from the object and further extends the resolution to ~λ/4
independent of NA. In the case of tilting the object plane, we resolve the problem of the
image distortion due to the frequency spectrum nonlinear shift and conical diffraction.
The image can be restored by the suggested algorithm and reconstructed. The algorithm
gives the possibility of solving the defocusing problem, connected with a tilted object
plane. Since the optical system uses a relatively low-NA objective, each of the partial
images retains the depth-of-field, working distance and field-of-view advantages of a
low-NA objective, but the composite image has a resolution superior by almost a factor of
five to that achievable with any possible single objective (NA < 1).
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Chapter 3. Experimental results
3.1 Experimental setup
Since we employ the principles of synthetic apertures by taking separate images
with both on-axis and off-axis illumination, we first describe the IIM setup for on-axis
illumination shown in Fig.3.1. We use a TEM00 mode of a 633-nm He-Ne laser as an
illumination source. First, the object is illuminated with a collimated beam about 2 mm in
diameter. The 40-μm diameter field is imaged using an infinity corrected microscope
objective (NA=0.4, 20x), which determines the resolution for conventional imaging. The
working distance is about 1 cm. Then the beam is collimated by a lens and a set of two
lenses in a confocal arrangement (the distance between the lenses is f1+f2 = 20 cm + 20
cm). This set allows us access to the Fourier pupil plane.

F(y)

a

b
Relayed
Fourier
Plane

F(x)

Relayed
Image
Plane

Fig. 3.1. a) Schematic for the on-axis imaging experimental setup, b) corresponding frequency coverage.
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The image is then magnified by a second microscope objective (NA=0.25, 10x).
Finally, the image (200x) is recorded with a CCD camera, which has a sensor with
640x480 pixels and ~ 10x10 µm pixel size or ~0.06x0.06 µm pixel size referring back to
the object plane. Labview and Matlab software are used for image capture and
processing.
In order to take high frequency images we use the modified setup shown in Fig.
3.2. Beamsplitters are used for on-axis and off-axis illumination, and a coherent reference
beam is transmitted through a single mode fiber around the microscope objective to the
low NA side and added to the off-axis orders in the Fourier plane for image
recombination. Intensities of the beams are adjusted by neutral density filters.
The angles of the off-axis beams are adjusted to capture different ranges of
frequency space. For NA = 0.4, we first take a picture with on-axis illumination, then
illuminate the object at an angle of 53° and then at an angle of 80°. Again, we use an
additional 10×, 0.25 NA microscope objective in order to magnify the image before
projecting it to our CCD sensor.
An adjusting stage controlling the end of the fiber in the Fourier plane is used to
mode-match the reference beam to the off-axis characteristics of the illumination beam,
such as angle of incidence, phase and divergence. A reference grating on the mask is used
to determine the correct angle and phase. We also use a shear plate [1] to check the
collimation of the reference beam after the second confocal lens in order to match the
wave front to the diffracted orders.
We block beams 2 and 3 in order to take on-axis illumination picture. We subtract
dark field and background images from low frequency image. The dark field image is
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taken by blocking 0-order in the Fourier plane, and the background is taken by moving
the image aside. Then we block beam 1 and open beams 2 and 3 to take the high
frequency picture. We store an image of the dark field by illuminating the object only
with beam 2 and the image of the reference beam is taken by using only beam 3. The
dark field and reference images are subtracted from the stored high-frequency image in
order to get the high-frequency image with imaging contribution (interference between
zero-order and diffraction beams).
F(y)

a

b

F(x)

Error!

3

Fig.3.2. Experimental setup for off-axes images and interferometry around the objective lens,
b) corresponding frequency coverage.

In order to collect information about vertical and horizontal structures, we rotate the mask
by 90° (Fig. 3.3a,b) using a rotation stage. We take on-axis pictures (Fig. 3.3c,d) each
time because we need this information to add sub-images with the correct positions and
angles. A calibration grating around the image (Fig. 3.3c,d) helps to set the reference
beams. The He-Ne laser is vertically polarized, so we choose the mask position in such a
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way that the polarization is parallel to the main image features in each image. This helps
to get higher contrast [2].
In order to collect the missing frequencies between the horizontal and vertical
images we can make additional images at 45° (Fig. 3.4 a, b) with corresponding on-axis
images (Fig. 3.4 c, d).

a

a
b

c

d

Fig. 3.3 a) Vertical and b) horizontal off-axis images with corresponding on-axis images c) and d)

In the case of the Manhattan structure we do not see a large improvement with
these images, because there are no inclined structures (Fig 2.1). We may need this
information for arbitrary objects with a broader distribution of frequency components
through Fourier space such as biological and other samples.
The reconstructed image becomes more noisy with each additional partial image
due to interference between optical surfaces, speckles, field front distortion on optical
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elements, diffraction on edges, discretization and electronic noise. Inaccurate overlapping
of partial images also causes image distortions, thus necessitating filtering of the images.
In the process of filtering, hard cut-off of an image Fourier spectrum leads to the
appearance of additional features due to the Gibbs effect [3,4]. Ideally, these additional
features should be compensated by those coming from the cut-off Fourier spectrum of the
second adjacent partial image. Otherwise, if we cut the individual Fourier spectra at
different frequencies, additional noise and speckles will arise. So the number of images
should be kept as low as possible – just enough for image reconstruction. In our case we
found it to be 5 – one on-axis and two off-axis in each direction.

a

b

c

d

Fig. 3.4. a), b) Exposures at 45° and c),d) Low-frequency images
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3.2 Experimental results with 3 partial images, NA=1.2

3.2.1 Experiments with gratings and Manhattan structure.
Using only three partial images we can achieve NAeff = 3NA = 1.2. We take offaxis illumination images at an angle of 53° to have a continuous frequency space
coverage on each axis [5] (Fig. 2.1).
At first we used gratings with different periods as imaging targets. From the
grating law, d = λ/NA, a minimum period of 1583 nm can be resolved with conventional
coherent illumination using a on-axis geometry. Smaller periods can be resolved only
with off-axis illumination. We took pictures of two gratings, one with a period of 700 nm
(Fig 3.5), which is not resolvable with on-axis illumination, and another with a period of
3860 nm (Fig 3.6), where we capture orders from 0 to 2nd with on-axis illumination and
from 3rd to 7th with off-axis. We choose a region with a scratch on the 700 nm grating in
order to adjust focus for on-axis illumination picture. On-axis and off-axis illumination
pictures are shown in Figs 3.5-a, 3.6-a, and in Figs 3.5-b, 3.6-b, correspondingly. We
added these pictures together electronically, after subtraction of the backgrounds, the
dark-field images, and the reference beams to provide high-resolution images (Fig. 3.5- c,
3.6- c).
So using off-axis illumination, we can see features of the finer pitch grating which
are not resolvable with on-axis illumination only (Fig 3.5). Also, we see significant
improvement of the image of the coarser pitch grating (Fig 3.6) by adding an additional
image because additional captured frequencies make edges of the grating sharper and the
image became a more faithful representation of the object.
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a

b

c
Fig. 3.5. a) On-axis image, b) high-frequency image and c) reconstructed image of the 700nm grating.

a

b

c

Fig. 3.6. a) On-axis image, b) high-frequency image and c) reconstructed image of the 3860 nm grating.
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The crosscuts of the pictures in Fig 3.6 a,b are shown in Fig 3.7 a,b by the blue

ab.. u.]
gray values [[ab

lines in comparison with corresponding models, which are shown by the green lines.

a
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m]

20 μ m

ab.. u.]
gray values [[ab

0

b
0
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[μm]

20μ
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Fig. 3.7. Crosscuts of 3860 nm grating: a) on-axis image, b) high-frequency image, (experimental
results in blue, simulations in green)
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The crosscuts of the pictures in Fig 3.6-c are shown in Fig 3.8 by the blue line and
corresponding model by the green line. We can see that reconstructed image has extra

ab.. u.]
gray values [[ab

lines due to the Gibbs effect.

0

distance [μ
[μm]

20μ
20μm

Fig. 3.8. Reconstructed image of the 3860 nm grating.

Then pictures of a two-dimensional structure with a CD of 500 nm were taken
using vertical and horizontal off-axis illumination by the setup with the same objective
0.4 NA and illumination angles of 53° in both directions.
The low frequency image, dark field and background are shown in Fig 3.9- a,b,c
correspondingly. The dark field image was taken with 0-order blocked by a shutter in the
Fourier plane. Again the background (taken when the object was moved aside) and the
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dark-field image were subtracted from the low frequency image. The dark field image is
subtracted in order to eliminate the cross terms components, while the subtraction of the
background eliminates noise from the speckles and multiple reflections from optical
elements. The result is shown in Fig 3.9 d.

a

b

c

d

Fig. 3.9. a) measured low frequency image, b) dark-field, c) background, d) low frequency image after
dark field and background subtraction.

The high frequency image taken in y-direction is shown in Fig 3.10-a, the picture of the
dark field is shown in Fig 3.10-b, and the image of the reference beam is presented in Fig.
3.10-c. The high frequency image in Fig 3.10-d is obtained by subtracting images of the
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dark field and the reference beam from the measured high frequency image. The same
procedure was applied to the high frequency image in the orthogonal direction.

a

b

c

d

Fig. 3.10. a) measured high frequency image, b) dark-field, c) reference beam, d) high frequency image
after images of the dark field and reference beam subtraction.

The frequency space coverage for this case is shown in Fig 3.11, where the green
circle represents low frequency image and the red circles represent high frequency
images taken in the x- and y-directions. The Fourier transform is symmetric as the object
is simple and thin, so we take only one picture in each direction. Thus, the effective
numerical aperture was extended to 3NA, that is to 1.2.
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F(y)
3NA/λ

NA/λ

F(x)

Fig. 3.11. Frequency space coverage for the experiment with 3 exposures.

The three images were added together, and the result is shown in Fig 3.12. The
low frequency image, which is not resolved, is shown in

Fig 3.12-a, the off-axis

illumination pictures of horizontal and vertical features are shown in Fig 3.12-b and in
Fig 3.12-c.
The reconstructed image obtained by adding the three images is shown in Fig
3.12-d. It was filtered electronically by applying Fourier filters in order to eliminate
electronic noise and frequencies that did not come through the entrance pupil but
appeared later in the optical system due to dust, scratches, etc.

3.2.2 Comparison of the results with simulations and standard microscope image
In order to adjust parameters (intensity, phase) properly and to estimate the
quality of reconstructed images, simulations of different images using low and high pass
Fourier filters for the Manhattan structure were made (Fig 3.11).
As it is illustrated in Fig 3.13, addition of low and high frequency images (Fig
3.13-A, B, C) corresponding to NA=0.4 with (Fig 3.13-D1) and without (Fig 3.13-D3)
subtracting dark fields gives different results.
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b

a

d

c

Fig. 3.12. a) On-axis image after dark-field and background subtraction, b) high-frequency image of
horizontal structures after dark-field and reference image subtraction, c) high-frequency image of
vertical structures after dark-field and reference image subtraction, d) filtered reconstructed image.

The low-pass filtered image corresponding to NA=1.2 (Fig 3.13-E1) after
subtracting the dark field (Fig 3.13-E2) gives the same result (Fig 3.13-E3) as the sum of
three partial images without dark fields (Fig 3.13-D3). This image corresponds to our
experimental reconstructed image.
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B1

B2

B3

C1

C2

C3

D1

D2

D3

E1

E2

E3

Fig. 3.13. Simulations: column 1 – images including dark fields, column 2 – dark fields, column 3 –
images after dark field subtraction; A) low frequency images NA=0.4; B,C)- high frequency images in x
and y directions; D) reconstructed images as the sum of the image A,B,C; E) images after applying a
low-pass filter corresponding to NA=1.2 .
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Fig 3.14 shows a comparison of the image reconstruction simulated for NAeff
=3NA=1.2 (Fig 3.14-a), the model of the image for incoherent illumination with NA=0.9
(Fig 3.14-b), our reconstructed image (Fig 3.14-c) and the image taken using a
conventional microscope with incoherent white light and NA=0.9 (Fig 3.12-d). The
cross-sections of the images are shown in Fig 3.15
It is clear from the cross cuts that the high-frequency contrast in the IIM image is
better than that in the image taken using a conventional high-NA microscope. This is a
result of the effective unity transfer function of IIM at the edges of its frequency coverage
compared with the decreasing contrast of the incoherent image as the spatial frequency is
increased. So, the reconstructed image of the mask shows the possibility of resolving
vertical and horizontal structures using NA = 0.4 with high contrast. There is a piece of
chrome lifting off on the mask pattern in the center of the bottom line due to some
corrosion of the mask, that is observed in both the IIM and conventional images.
Accidentally, this shows that IIM is indeed not restricted to highly regular objects. The
resolution limit for effective NA = 1.2 is ~ 260 nm. In order to improve the resolution we
need to further increase the frequency coverage.
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a

b

c

d

Fig. 3.14. Comparison of a) Fourier optics simulation NA = 0.4 b) reconstructed image
c) simulation for incoherent illumination and NA=0.9 and d) image taken by conventional
incoherent-illumination microscope NA = 0.9.

.

a

b

c

d

Fig. 3.15. Cross-section of the reconstructed image a) IIM simulation NA=0.4, b) IIM experiment NA=0.4,
c) simulation for incoherent-illumination microscope NA=0.9, d) standard microscope NA=0.9 .
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3.3. Experimental results with partial 5 images, NA=1.38
In order to show the possibility of increased resolution, we add an additional
partial image in each direction with greater illumination angle, and adjust the angle of the
reference beam to the larger illumination angle. The frequency space coverage for this
case is shown in Fig 3.16, where the center circle represents the low frequency image, the
inner circles represent the high frequency images taken in the x and y- directions with an
illumination angle of 53°, and the outer circles correspond to the high frequency images
taken with an illumination angle of 80°.
For this experiment, a structure with CD = 240 nm was used. By adding highfrequency images taken at 53°, corresponding to the inner pairs of offset circles of
Fig.3.16 in x-direction (Fig 3.17-a) and y-direction, to the low-frequency image (Fig
3.17-b), we obtain the image (Fig 3.17-c) with unresolved lines as a result of the 1st order
of 240-nm structure missing. The image is in rough agreement with the model (Fig 3.17d). The main point is that the fundamental frequencies corresponding to the line:space
structures are not captured and the image is not resolved.

1.2/λ
1.4/λ
1.38/λ

0.8/λ
0.4/λ

Spectral
coverage
ov erlap

Fig 3.16. Frequency space coverage for 5 exposures.
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a

b

c

d

Fig. 3.17. a) Vertical high-frequency images taken at 53 °, b) low-frequency image, c) summation of
the low-frequency image with the high-frequency images taken at 53 °, and d) corresponding
simulation.

Inclining the incident beam to 80°, we are able to capture the 1st order of this structure.
The pictures correspond to the outer pairs of the offset circles of Fig.3.16. When we add

the high-frequency images of the vertical (Fig. 3.18-a) and horizontal structures to the
low-frequency image (Fig. 3.17-b), we obtain a distorted image (Fig.3.18-b) because of
the incomplete coverage of the frequency space as a result of missing regions (Fig. 2.1).
The image also looks like the corresponding model (Fig. 3.18-c).
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a

b

c

Fig. 3.18. a) High-frequency image taken at 80°, b) summation of the low-frequency
image with the high-frequency images taken at 80 °, and c) corresponding
simulation.

Only by adding all five images together, and excluding the overlapping of
frequency-space coverage with appropriate pupil-plane filters, is a final reconstructed
image (Fig 3.19-a), obtained in good agreement with the corresponding simulated
reconstruction (Fig 3.19-b). Clearly, different frequency components are collected in each
of the sub-images and are necessary for the full image reconstruction.
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a

b

Fig. 3.19. a) Filtered reconstructed image obtained by adding high frequency images taken at 53° and 80°,
b) corresponding simulation.

The image (Fig 3.19-a) was filtered electronically to exclude overlapping of the
partial images. There are more extra features comparing to the model due to the lack of
precision in mutual phase determination of the sub-images. Some a-priori knowledge
could be useful to define the filtering procedure. If we have a group of frequencies
corresponding to the main structures in the overlapping area, the results are better if we
have the cut-off away from such frequency peaks. If we add images without filtering we
will get an image with distortions (Fig. 3.20). It was also possible to use physical filters in
a pupil plane. There are a lot of different shapes of pupil filters with corresponding
frequency coverage (Fig. 3.21) that can be used in order to improve the image. One of the
most interesting is an apodized filter [6], because much of this distortion is associated with
an abrupt cut-off in frequency space (Gibbs phenomenon [4]). However, better results are
achieved if the overlapping is eliminated electronically. (By taking the Fourier transforms
of the partial images, appropriate filtering (we make a straight cut in Fourier space away
from frequency peaks Fig. 3.22), and inverse transforming back to the real space). This
may be due to the difficulty of precisely aligning the pupil-plane filters in the optical
system.
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Fig. 3.20. Reconstructed image without filtering,

filters

frequency space coverage

Fig. 3.21. Pupil plane filters and frequency space coverage.
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apodized

F(y)

F(x)

Fig. 3.22. Pupil plane filters and frequency space coverage.

For correct reconstruction, we need to adjust phases of spatial frequencies of subimages as well as their intensities as it was discussed in the Chapter 1. A grating with a
1µm half-pitch was placed around the object for this purpose. However, we saw that that
results were better if we used finer structures as a reference for smaller objects. So, we
used Manhattan structure with CD=240 nm as a reference and reconstructed the whole
field of view. Rastering the sub-images by the corresponding filtered simulations and
calculating a mean-square-error, we find the optimum position, angle of rotation and
intensity of the partial images. The procedure is done by Matlab or Labview software and
takes about 5 minutes, but will be improved in the future.

The image in Fig 3.23 was

reconstructed by adding sub-images after they were compared with the simulations. The
reference object is shown in the red circle in Fig 3.23 (right upper corner) together with
other reconstructed objects in the field of view: Manhattan structures with CD 260 nm
(left upper corner), 220 nm (left bottom corner), and 210 nm (right bottom corner).
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Fig. 3.23. Reconstructed image with CD structures: 260 nm, 240 nm, 220 nm, 210 nm.

The structure with CD = 260 nm is resolvable by an effective NA=1. The structures with
CD = 220 nm and CD = 210 nm are beyond the resolution limit. There are distortions due
to the system noise and phase mismatching that appeared due to the difficulties in the
alignment between partial images. The crosscut made through the resolvable structures
(red line) is compared with the crosscut of the filtered by NA=1.38 simulation (green line)
and shown in Fig 3.24. The crosscuts show matching in the periodic structures as well as
in the distance between the objects.
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Fig. 3.24. A-Crosscuts of reconstructed images with CD structures 260 nm and 240 nm, and
B-corresponding simulation .

3.4 Experimental results with tilted mask, NA=1.87.
3.4.1 Grating distortions.

In the previous section, we achieved the limit of resolution corresponding to NAeff
= 1+NA that is alterable with the present optical systems. Further improvement is
possible by tilting the object to access higher-frequency components of the image. The
frequency space coverage for this case is shown in Fig 3.25, where the center circle
represents the low-frequency image, the inner circles describe the x- and y- directions
with illumination angle 53°, and the outer circles correspond to the high-frequency
images taken with illumination angle 80° and object plane tilt by 39° to the optical axis of
the objective. There is a small gap (about 3% of the total frequency space) between
partial images that appear in this case. We could tilt our mask by a smaller angle in order
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to have continuous coverage, but in this case we will lose some high frequencies, for
example a frequency corresponding to the structure with CD = 170 nm. Another
alternative would be to add another set of partial images to provide complete frequency
coverage, but this will also add noise of each image. So, we prefer to keep the gap as
long as we do not have essential frequency peaks in it.

1.2/λ
0.8/λ
0.4/λ

1.87/λ

Gap between
images

1.4/λ

2/λ

Fig. 3.25. Frequency space coverage for 5 sub-images with object plane tilt.

In order to check the frequency spectrum distortion in the high frequency area
corresponding to the outer circles of Fig 3.25, experiments with a grating, which had half
pitches of 180 and 250 nm on the same sample (Fig 3.26), were made.
The mask was tilted 39° to the objective plane and the illumination beam was
tilted 80° with respect to normal to the mask. So we had an equivalent of NA=1.87. which
allowed increasing the resolution up to 169 nm. We also modeled the same pitch structure.
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Fig. 3.26. Grating with two pitches: CD 180 and 250.

The frequency corresponding to 180 nm was chosen as the reference frequency.
We see the shift of the frequency corresponding to 250 nm to the frequency
corresponding to 270 nm according to formula 2.12. The Fourier spectrum of the
observed grating is shown by the dark blue line (labeled A) in Fig 3.27, with the peaks
corresponding to the 1st orders of the gratings with CD 270 nm and 180 nm, while in
reality we have CD 250 nm and 180 nm. The distorted model, shown by the light blue
line (labeled B), matches the grating. The not distorted model is shown by the red line
(labeled C), and the grating, restored using the formula 2.14, is shown by the green line
(labeled D). Now it corresponds to the 1st order frequencies of CD 250 nm and 180 nm,
which is exactly what we have on the grating.
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Fig. 3.27. Fourier transform of A
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corresponding to CD 180 and to CD 250).

If we adjust the reference beam to match the frequency corresponding to CD =
250 nm, we see the shift from the frequency corresponding to CD = 180 nm to that
corresponding to CD = 170 nm. The Fourier spectrum of the grating, the corresponding
distorted model, the real model, and the spectrum of restored grating are shown in Fig.
3.28 by the blue, light blue, red and green lines, correspondingly. Again, we see that after
restoration the peak is shifted back, which confirms the equation (2.14).
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3.4.2 Experiments with Manhattan structure

Working with two-dimensional tilted structures, we must take the conical
diffraction into consideration. We took pictures of the Manhattan structure with 180-nm
CD structures using the same NA=0.4 objective and optical arrangements shown in Fig

3.2. This give us the frequency space coverage as it is shown in Fig 3.25.
The distorted high-frequency image of the structures with CD = 180 nm and CD =
170 nm is shown in Fig. 3.29 (the image with CD = 170 nm on the right is in focus in this
case, and the image with CD = 180 nm is not in focus, and so it is distorted quit a bit due
to conical diffraction.). The measured image frequencies must be corrected before
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reconstructing the complete image. This is accomplished in several steps: first the dark
field real space image is subtracted; then a fast Fourier transform (FFT) of the
experimental (distorted) real space high-frequency image is taken to provide a frequency
space image, and the experimental frequencies are corrected by equation 2.25. The
resulting frequency space information is not suitable for an inverse FFT since the new
frequencies are no longer on a regular grid.
This problem can be solved by several methods. One of them is interpolation (of
both amplitude and phase), which is used to assign values to the nearest frequencies on
the appropriate grid. Another one is to use a Fourier sum with off-grid frequencies.
The inverse transform is taken to convert back to real space. The procedure is simpler and
more robust if the focal point and the spatial origin of the FFT are coincident, since the
phase is invariant to image tilt around this point. We compared the results obtained by
different methods (shifting to the nearest discrete frequencies is shown in Fig 3.30 and
using Fourier sums is shown in Fig 3.31). We observed that there is no big difference in
the restored image in the focus as it is shown in crosscuts of the images in Fig 3.32 (a the crosscut of Fig 3.29, the distorted image and simulation, b - the crosscut of Fig 3.30,
restored image using interpolation and high-frequency model, c - the crosscut of Fig
3.31, restored image using Fourier sums and high-frequency model), but using Fourier
sums provides better restoration of the whole field of view. So it is better to use
restoration of the whole field the second method for restoration. It is also possible to
apply other methods such as geometrical interpolation for complex numbers or different
kinds of splines.
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180 nm

170 nm

Fig 3.29. Distorted image, 180 nm structure out of focus and 170 nm structure in focus.

Fig 3.30. Restored image high-frequency image, using interpolation method.

Fig 3.31. Restored image high-frequency image using Fourier sums.
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Fig. 3.32. Crosscuts of a) A - taken image and B - distorted simulation , b) A - restored image using shifting
to the nearest discrete frequencies and B-high-frequency simulation, c) A - restored image using Fourier
sums and B-high-frequency simulation.
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. The quantitative comparison of different methods will be the subject of future work.
After frequencies correction, we reconstruct images. Again, by the same
procedure, comparing the final images with corresponding filtered model images using a
mean-square-error method as we used for not tilted objects, we find the optimum
position, angle and intensity of the partial images. This procedure is necessary as a
consequence of experimental uncertainties in defining both the focal position for the
tilted object and its relative translation from the optical axis. For an unknown object, a
nearby test structure will be necessary to allow the same manipulations. Finally the total
image is reconstructed by adding restored high frequency images with low and middle
frequency images.
The reconstructed image with CD = 180 nm, which was in focus, is shown in Fig
3.33-a and the model is shown in Fig 3.33-b.

a

b
Fig. 3.33. a) Reconstructed image with 180 nm structure , b) model

The crosscut of the image compared with the crosscut of the model is shown in
Fig. 3.34. The crosscut of the reconstructed image has additional peaks in the background
due to the lack of accuracy in phase matching and noise of the system.
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Fig. 3.34. Cross cuts of Manhattan structures:

- model,
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- reconstructed image.

The results of experiments with 170 nm structures are shown in Fig 3.35. The
reconstructed image is not well resolved, as it is near the limit of resolution (Fig.3.35-a).
The image of a grating with the same lines size (Fig.3.35-b) seems very well resolved and
gives us the possibility to seeing defects. This can be useful for grating inspection.

a

b

Fig. 3.35. Reconstructed images of: a) 170 nm CD structure; and b) a 170 nm pitch grating, all using
multiple sub-images including one with a tilted object plane.
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Tilting the object plane introduces significant distortions into the optical system.
This aberration is a direct consequence of the non-paraxial effects discussed above that
map the observed spatial frequencies of the diffracted fields in a nonlinear fashion.
Correcting this distortion also provides restoration of the field of view. This is illustrated
in Fig. 3.36, which shows the x-offset high frequency partial images of two adjacent test
structures (the one on the left is the 180 nm object, while the one on the right is the 170
nm test structure; each structure is about 20 CD wide (3.6 µm) and the separation is 12
µm.

Image Frame

Experiment

Laboratory Frame

c

b

d

Model

a

Fig. 3.36. Experiment (a, c) and simulation (b, d) results showing the impact of the frequency. Restoration on the
high frequency partial image. The dotted lines are guides for the eye showing the significant shift of the out-offocus object (left) in the laboratory frame.
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The optical system was adjusted so that for the experimental image the smaller
(right-hand) structure was approximately in focus while the larger (left-hand) structure
was behind the focal plane and substantially blurred. The dotted lines and arrows show
the significant shifting of the positions of the intense features arising from the transform
from the laboratory frame to the image frame.
The crosscuts of the images in Fig 3.36-a and in Fig 3.36-b were shown in Fig.
3.32a. We can see how the laboratory frame image (green line) is close to our distorted
simulation (blue line). The crosscut of the restored image (Fig 3.36-c) is compared with
the crosscut of the high frequency model (Fig 3.36-d) and is shown in Fig 3.32-c by the
blue and green lines correspondently.
The final reconstructed images are shown in Fig. 3.37. As expected, the
reconstruction procedure restores both images and clearly improves the field of view that
was limited by the tilt of the object plane relative to the focal plane. The crosscut of the
image (red line) is compared with the crosscut of the model filtered by NA=1.87 (green
line) and is shown in Fig 3.38. The position of images matches, but there is some
mismatch in the periods. There are also many extra features due to the noise in the
system, which is magnified after the restoration procedure. This method requires very
precise knowledge of the mask tilt and incident illumination offset in order to obtain
high-quality, extended-field images. We will address this problem in the future.
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Fig. 3.37. Reconstructed image, 180 nm, 170 nm, 140 nm and 130 nm structures.
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Fig. 3.38. Crosscut of A- restored image, and B-corresponding model.
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3.5 Experiments with biological objects

We also took images of bacteria as unknown objects with on-axis illumination
(Fig 3.39 a,c) and off-axis illumination when incident beam was inclined 53° to the
object plane (Fig 3.39 b,d). We definitely see more details using off-axis illumination but
meet the problem of phase and focus adjusting.

a

b

c

d

Fig. 3.39. Bacteria images with: a,c- on axis illumination, b,d – reconstructed

In order to focus the microscope and to adjust phase for off-axis illumination, we
choose the Manhattan pattern as a reference object and put some bacteria on it. We took
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pictures with on-axis (Fig.3.40-a), and off-axis (Fig.3.40-b) illumination, and compare
the reconstructed image (Fig.3.40-c) with the standard microscope image (Fig.3.40-d).
We see sharper features of the bacteria, so we will continue working on this problem.

a

b

c

d

Fig. 3.40 a) On-axis and b) off-axes illumination images, c) reconstructed image, d) standard microscope
image.

3.6 Summary

In conclusion, we have shown that the theoretical results described in chapter 2
can be achieved with modest optical components. We demonstrated effective numerical
aperture extension from 0.4 to 1.2 and resolution improvement up to CD = 500 nm for
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Manhattan geometry (x, y pattern) object at a wavelength of 633 nm, using off-axis
illumination and synthetic aperture concept.
We have shown further improvement in resolution by taking one on-axis and two
off-axis images of a 240-nm CD Manhattan geometry (x, y pattern) object with a 0.4 NA
objective. We have shown the necessity of image filtering when images are overlapped in
frequency space (CD ~ 0.14λ/NA)
We have also demonstrated a further increase in resolution up to 170 nm with λ =
633 nm and NA = 0.4 (CD ~ 0.11λ/NA) by tilting the mask. High frequency images taken
with the mask tilt are distorted due to the frequency nonparaxial spectrum shift and
conical diffraction observed in the experiments with grating tilt. The equation 2.25 for
frequencies calibration has been verified in experiments with gratings. The algorithm
derived in chapter 2 was applied to distorted high-frequency images, and the results were
compared with the corresponding models. The objects were reconstructed by adding
middle- and low-frequency partial images to them. It was also shown that the same
algorithm allows for restoration of the whole field of view and solution of the defocusing
problem.
Our method can be very convenient for inspection of gratings or any arbitrary
structures. In order to work with biological objects such as bacteria we need to choose the
right reference object, which will be a subject for future work.
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Chapter 4. Quality estimation.
4.1 Theoretical mean-square-error curves.
We can use different algorithms for image restoration. In order to find the best
ones we need to estimate quality of the reconstructed images. There are a lot of
methods for image quality estimation. We tried several, such as cross-correlation,
applying Raleigh’s criteria for 2-D structures, mean-square-error method (MSE).
However, the interpretation of the results is in general not easy and indeed often
ambiguous. We use the MSEmethod [1] because it is most suited for objects with
Gaussian noise. Since we have a-priori knowledge of our image, we will use it to
estimate the quality of our images by comparing them with the original model, and by
calculating MSE by the following formula:

MSE =

1
(I i − I i ')2 ,
∑
N i

(4.1)

where N-is number of pixels in the image and the model, I i - intensity of the model,
I i ' - intensity of the image.
In order to estimate the loss of useful information in our experiments, we have
to know the loss of information due to the image filtering. First, we compare low-pass
filtered models with different CD with the corresponding original models of
Manhattan structures for fixed NA=0.4. The fundamental frequency peak has a certain
width as it is shown for the structure with CD = 800 nm in Fig 4.1 by the blue line. We
resolve well a grating when the cut-off frequency (red line) is located after the
fundamental frequency peak (green line). For a Manhattan structure with a broad peak
in the frequency space, however, it is not sufficient to capture just the central
fundamental frequency. The sideband frequencies above the center frequency contain
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information on the structure details (number of lines and etc.), that one loses if these
frequencies are eliminated.
4
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Fig. 4.1. Cut of Fourier spectrum of Manhattan structure and grating by NA.

We suggest estimating the image quality for different CD and fixed cut off
(NA) by the MSE method. We assume that the field of intensities with mean gray
value is the least informative and so we set MSE calculated between the gray field
and the original model as 100%. Then we calculate MSE of reconstructed images as
percentage of the MSE of the gray field. The dependence of MSE versus CD is
shown in Fig. 4.2 by the dark blue line together with corresponding images. There is
a step on the curve in the area where the fundamental frequency of the Manhattan
structure lines is captured, indicated by the red line in the Fig. 4.2 (MSE is about
16%). The second big step corresponds to full loss of the structure information (MSE
is ~ 22%). We also observed that applying a threshold to the image (converting it to
the binary image) provides a significant increase in the discrimination. The threshold
is chosen in such a way that the image has the minimum MSE when compared with
the original image. The optimum threshold turns out to vary from 35% to 60% of the
maximum gray value for different images. The dependence of MSE of thresholded
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images on CD is shown in Fig. 4.2 by the light blue line together with the
corresponding thresholded images. We start to resolve features from 750 nm in this
case. As far as the step on the threshholded curves is greater and steeper, we will use
only thresholded images for quality estimation (this is appropriate for our binary
images but would not be suitable for gray-value objects such as biological moieties).
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Fig. 4.2. MSE versus CD of images without and with threshold for NA=0.4, coherent light,
shown with corresponding images.

In our experiment with two off-axis exposures in x and y direction (effective
NA = 1.38), the area inside of the circle in the frequency space is not fully covered,
as it is shown in Fig 4.3. So, we compare models of such reconstructed images with
the corresponding original ones. MSE curves are shown in Fig 4.4: the dark green
curve is for the images without threshold, and the light green curve is for the images
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with threshold. These MSE curves have the step around the resolution limit CD =
229 nm (red vertical line) and the same behavior as those for low-pass filtered
images (blue curves).

(1+NA)/λ
3NA/λ

NA/λ

Fig. 4.3. Frequency space coveradge for 5 exposures.
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Fig. 4.4. MSE versus CD of images without and with threshold for NA=0.4 coherent NA=1.38.
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The curves in Fig.4.5 show MSE dependence on CD for models with
thresholds for coherent and incoherent illumination with NA=0.4, and for IIM
reconstructed images (equivalent of NA=1.38). We can see that the resolution limit is
better for off-axis illumination than for the incoherent light illumination.
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1000

CD nm
Fig 4.5. MSE versus CD of images with threshold for NA=0.4 with coherent
and incoherent light, and for effective NA=1.38 coherent light.

By tilting the mask, the effective NA increases to 1.87 (Fig 4.6) and the
resolution limit increases to 169nm (purple line in Fig 4.7). MSE curves for the
images with threshold for this case are shown in Fig 4.7 (red line) and compared with
MSE curves for NA=1.38 (green line), as well as with curves for incoherent
illumination and NA=0.9 (yellow line). We see that results obtained with NA = 1.38
and coherent light are almost the same as results for NA = 0.9 and incoherent light.
The use of IIM with tilted mask gives better resolution than both of them. We can
estimate MSE of the image with 180 nm structures as 9.5%. If we continue to
decrease CD of the structure we still are able to recognize the image but the number
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of incorrect pixels increases dramatically. The MSE of the image 170 nm CD is
12.2%, which is close to the case when we capture only a half of the first order peak.
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Fig 4.6. Frequency space coverage for 5 sub-images.
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Fig.4.7. MSE versus CD of images with threshold for NA=1.38, 1.87 and incoherent light NA=0.9.

100

The MSE of the image when we do not capture the whole frequency peak (CD ~150
nm) is ~30%. So we can define the quality of an image by MSE and see that in our
case it decreases twice between situations when we start to capture the first order peak
and capture it completely.

4.2 Experimental MSE curves
Using MSE method we estimate quality of our experimental results. The
theoretical and experimental MSE curves for thresholded images with on-axis
illumination are shown in Fig 4.8-a (NA = 0.4), off-axis illumination in Fig 4.8-b (NA
= 1.38) and off-axis illumination with tilted mask in Fig 4.8-c (NA = 1.87).
We see from Fig. 4.8 that MSE experimental curves resemble the theoretical
ones. It is also clear that MSE of experimental images is higher than the MSE of the
models with corresponding CD even in the case with on-axis illumination due to the
optical distortions and noise. For example, MSE of the image with 1200nm CD is
almost 0% and it is 11.8% for the experimental result. So we can estimate the noise of
the system. Also the resolution limit is lower (step in MSE curve is shifted to right)
for the experimental results. It is around 900 nm instead 790 nm for on-axis
illumination.
The noise level of the reconstructed images is higher in comparison with just
the on-axis picture, because of the added noise from several sub-images, as one can
see from the graph in Fig. 4.8-b. MSE of the resolved reconstructed images is around
18%. However, we still see the drop in MSE value as the resolution limit is
approached. This allows estimating the MSE as 22% at resolution limit calculated by
Rayleigh criteria for NA =1.38 (CD = 230 nm), and as 24% at resolution limit for the
system with tilted mask (NA=1.87, CD=as 170 nm). So, we can consider the MSE
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method as alternative for resolution limit determination where resolution criteria is
MSE = 23%.
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Fig. 4.8. Theoretical and experimental MSE curves for NA=0.4, a) on axis illumination, b) of-axis
illumination c) of-axis illumination with tilted mask.
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4.3 Application of MSE method for image reconstruction
As was shown previously, in order to reconstruct an image we need to
determine position and angles of rotation of partial images. For this purpose in
experiments with NA =1.38 we used Manhattan structure with CD = 240 nm as a
reference to reconstruct other images. We obtain MSE matrix by x-y rastering of each
experimental sub-image over the corresponding sub-image. The right position of the
experimental sub-image is determined by the minimum MSE in the matrix.
As an example, the high-frequency horizontal image is shown in Fig 4.9-a and
the corresponding model image is shown in the Fig 4.9-b. The set of MSEs for the
column and row containing the absolute minimum is graphically shown in Fig 4.10
and Fig. 4.11 respectively. Both curves are normalized to the absolute maximum in
the matrix.

a

b

Fig. 4.9. High-frequency image of horizontal structures a) experiment, b) model.

It can be seen from Fig 4.10 that we need to move the image by 31 pixels to
the right in x-direction where the minimum MSE is located. The error in determining
the location is one pixel as the difference in MSE between 30th and 31st pixel is only
0.44%. Figure 4.11 shows that we need to move the image 39 pixels up; however the
tolerance is much lower, as the 7 nearest pixels show differences in MSE below 1%.
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The difference is expected as only low frequencies appear in the x-direction in this yoffset partial image.
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Fig. 4.10. The row with minimum of the MSE curves obtained by scanning
high-frequency image of the horizontal structures by the corresponding model.
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Fig. 4.11. The column with minimum of the MSE curves obtained by scanning
high-frequency image of the horizontal structures by the corresponding model.
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The situation with vertical structure is more complex. The MSE matrix
obtained by x-y rastering of the vertical high-frequency image (Fig 4.12-a) over the
model (Fig 4.12-b) shows that we should move the image by 34 pixels in x-direction
(Fig 4.13), but there is also minima at 42nd pixel with 0.18 % difference in MSE with
34th, because we do not have a long straight line in the object in this direction, which
would be a good reference for determining the position. Figure 4.14 shows that we
have to move the picture 35 pixels up in y-direction, and there are 7 pixels with MSE
less than 1% in this region. In the future we will investiaged our hypothesis that
determining the correct position by using the low frequency image together with highfrequency image would give better results.

a

b

Fig. 4.12. High-frequency image of vertical structures a) experiment, b) model.

The dependence of MSE versus the image rotation angle is shown in Fig 4.15.
There are the sharp minima when the angle is correctly chosen.
Sub-images should be added with correct relative intensities. It is easier to
adjust intensities electronically comparing sub-images with models and calculating
MSE. MSE versus intensity coefficients is shown in Fig. 4.16. We should be careful
with choosing the coefficients as the 5 nearest pixels show small differences in MSE.
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As shown above, it follows that we should choose a reference object which
could give enough precision for position determination as well as for correction of
other parameters such as angles of rotation and intensities.
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Fig. 4.13. The row with minimum of the MSE curves obtained by scanning
high-frequency image of the vertical structures by the corresponding model.
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Fig. 4.14. The column with minimum of the MSE curves obtained by scanning high
frequency image of the vertical structures with the corresponding model.
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4.4 Summary
MSE is one of the methods that allows quantitative estimation of the quality of
images. It is important for image processing, especially in our case, for restoration
algorithm improvement. Since different filters in the pupil plane will be used, we need
quantitative analysis of the images to define the best way of filtering. Choosing
reference objects for the phase, angles and intensity correction also requires
quantitative comparison of images.
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Chapter 5. Conclusions and future work
5.1 Experimental setup
The goal of this dissertation was to extend optical resolution limits by using
imaging interferometric microscopy as well as to elaborate and to check the most robust
algorithm for image reconstruction. An off-axis, interferometric reconstruction set up [1]
allowed us to take on-axis and off-axis illumination pictures. A single mode fiber was
used to deliver the reference beam around the lens in Fourier plane to interfere with
image orders. Using Manhattan geometry structures with different CD as objects and HeNe laser with wavelength 632.8 nm as a coherent illumination source, we showed the
possibility of effective NA extension almost up to 1+NA (to 1.38 for NA=0.4 in our
experiment). Tilting the object plane further extended the resolution to λ/4 (or to λ/3.76
in our experiment). IIM allows one to resolve structures not resolved in the conventional
illumination setup, while using a low NA microscope objective and thus keeping the large
working distance, depth of focus and field of view associated with the lower NA.
The present examples used a binary geometric structure with the major spectral
components along orthogonal axis. For more general objects, additional partial images
covering all of frequency space inside the circle can be added.
Phase measurements are readily available since the zero-order beam is
independently accessible and can be advanced/retarded independently of the diffracted
beams. For example, this will allow detailed microscopy of phase-shift lithography masks
(Fig 3.15), which is difficult with traditional microscopy.
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Experimental setup improvements such as adding electric shutters to the
automatic beams blocks, electronically controlled rotation stages for mask rotation and
changing tilt angle will allow a increasingly significant increase in the speed of taking
images. Electronically controlled rotation stages will also allow more precise adjustment
of angles more precisely, which will allow image reconstruction with higher quality. This
is especially important for correct reconstruction of tilted images. Noise reduction due to
improved optical and electronic components will further improve images to approach
simulation results.
An objective with NA = 0.4 was used in our setup because it provides almost all
frequency space coverage with five exposures. There is a small gap ~3% of frequency
space between the inner and outer circles (Fig 3.20). An objective with NA=0.5 provides
full coverage with overlapping, which requires additional filtering. It is also possible to
use objectives with smaller NA in the setup and to increase the number of the exposures,
but in this case we will add noise of each exposure. So, the optimum NA to cover the
frequency space with two offset images and 39° tilt would be ~0.415, but it is worthwhile
investigating other combinations of NA and tilting angles for optimum results.
Resolution is scalable with the wavelength. So, further resolution improvement
will be achieved with a shift to shorter wavelength. Finally, the ultimate resolution can be
extended with immersion techniques. Immersion microscopy is certainly well known [2].
Recently, lithography applications for immersion have attracted much interest [3]. Table
5.1 gives the rough limits to resolution corresponding to He-Ne laser sources (633 nm),
Argon line (488 nm) and ArF laser sources (193 nm, near the transmission limits of

111

quartz). The refractive index of the immersion fluid is taken to match that of a silica
substrate to minimize Fresnel reflection coefficients.

Table 5.1: Scalability of resolution
(Dry)

(Dry) Grating

Immersion

Immersion

Arbitrary

Half-Pitch

Arbitrary ~λ/3n

Grating half-

~λ/3 (nm)

~λ/4 (nm)

(nm)

pitch ~λ/4n (nm)

633

211

159

140 (n = 1.5)

106 (n = 1.5)

488

162

122

108 (n = 1.5)

81 (n = 1.5)

193

64

48

38 (n = 1.56)

31 (n = 1.56)

λ(nm)

So imaging is scalable down to ~ λ /3 and to ~ λ /4 for grating and could allow
us to resolve 38 nm features on arbitrary objects and 31 nm on gratings.

5.2 Imaging algorithms
The full apparatus of digital image processing is quite rich and many additional
techniques will find application in IIM. An advantage of IIM is the availability of partial
images allowing signal-processing enhancements. One example is the subtraction of
dark-field images; another is the use of Fourier-transform filtering techniques to
eliminate double coverage of the same spectral components in two images. More
investigations should be done for dependence of images quality improvement on
applying different types of filters. Using different apodizing filters [4] electronically may
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improve the quality especially in the case where overlapping sub-images are combined
and filtering range was not estimated accurately enough.
It was shown that tilting the mask leads to image distortion due to the nonuniaxial optical system, and thus restoration is necessary before image reconstruction. An
algorithm of image restoration was developed and applied to experimental results. We
recalculated frequencies in Fourier space, which are not suitable for an inverse FFT since
the new frequencies are no longer on a regular grid. So, Fourier sum with off-grid
frequencies was used for inverse Fourier transform, which gives us better results for the
whole field restoration in comparison with recalculated frequencies using approximation
to nearest points. However the last method combined with increasing the field around the
image could give numerically better results. The possibility of solving the defocusing
problem using this approach has been demonstrated. The field of view increases with
object plane tilt angle. Thus, it will be important to estimate the possible size of the
restored field of view. The quality of the images was not very high due to the lack of
precision in the mask and the illumination beam angles adjustments. Development of
algorithms for inclination angles determination with high precision would allow
defocused tilted pictures to be restored with higher quality. Exploration of different
algorithms, such as using different interpolation functions and approximations, also may
improve restored image quality.
In order to choose the best algorithm we need to compare reconstructed images.
The images were compared with corresponding models, and quality of images was
estimated by MSE method. Using different weights wi for different pixels [4] we can
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estimate the quality of images depending on the features of interest by the extended MSE
method (from equation 4.1):

MSE =

1
wi ( I i − I i ' ) 2
∑
N i

(5.1)

Also, using different weights of different exposures in the process of
reconstruction will allow different features to be seen with different contrast, which can
be useful for object investigation.
Other methods of image quality estimation can be combined together with MSE
criteria. The important information from the images of microchips can be recognition of
whether the lines are continuous or they are broken somewhere. It may also be important
to see whether there is an unwanted (or desired) "bridge" between the lines, or whether
the lines are well separated. The mean-square deviation of the line length estimated by
different techniques can also give the quantitative criterion of the image quality. In
particular, the method should be useful for analysis of micro-objects of artificial origin,
for example, microchips.

5.3 Image investigation
Our setup can be very useful for inspection of gratings and masks with CD
between 170 nm and 250 nm, which is not possible to see on conventional microscope.
Fast object investigation is very important for lithography process.
Investigation of biological objects requires determining the best reference object
in order to adjust focus, reference beam angle and phase, which can be a subject for
future work. MSE method can be helpful for image quality estimation.
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It will be

important to develop application of IIM for biological imaging. The most important for
applications will be automatization of tilt of the incident wave and automatic adjustment
of phase of particular images.

5.4 Non-optical systems.
The uses of IIM should widely exceed the examples considered in this thesis. The
importance of extension of effective numerical aperture in the IIM also should be
important for the non-optical imaging system, which work either far from the visible
range of electromagnetic waves or even not electromagnetic waves [5,6,7].
It would be important to investigate TEM (electron microscopy) and x-ray
diffraction as IMM can be applicable in any problem that involves capture of a wide
range of spectral components exceeding the band pass of limiting aperture.
The conventional focusing elements (lenses and mirrors) with large aperture are
available in relatively narrow range of wavelengths, between 200 nm and 4000 nm; for
shorter wavelength, only low NA elements are available. Also, the focusing element for
the atomic imaging system (nanoscope) [8] is expected to work with NA of the order of
several miliradian. If an appropriate coherent source was found, the IIM method could
greatly extend the limit of resolution of such imaging system.
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APPENDIX A
Equations for distance variations in the image and camera planes derived
using schematic shown in Fig A.1, where OA is the optical axis, RT is the object
plane, B is an image of T, BC is the image plane, DC is the camera plane, TS is
perpendicular to optical and CH is perpendicular to TB.
First, we obtain image plane tilt, using the simple thin lens formula [1]:
1 1
1
+
=
s1 s 2
f

(A.1)

where: s1 (OS) – distance from the object to the lens, s 2 (OA)- distance from the
image to the lens, f – focal distance.

θtilt T

d1

R

ξ
S1

S

O

A

C

S2

ψ

d2

H

d3

D
B

Fig A.1 Geometry for tilted object plane: blue line is the objective, black line is the object plane,
green is the image plane, red is camera plane.
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From Fig 2.6 follows that the angle of the image plane tilt is:

ρ=

π

⎛ AB ⎞
− tan −1 ⎜
⎟,
4
⎝ CA ⎠

(A.2)

which leads to:

⎛
⎛ s ⎞⎞
⎜ RT ⎜ − 2 ⎟ ⎟
⎜ s ⎟⎟
⎜
π
ρ = − tan −1 ⎜ ⎝ 1 ⎠ ⎟
4
⎜ s 2 − OC ⎟
⎜
⎟
⎝
⎠

(A.3)

RT can be written in terms of distance d1 from T to the optical axis as:
RT = d1 cos θ tilt

(A.4)

Magnification on the optical axis is:

M =−

OC
OR

(A.5)

So, we obtain the equation for OC:
OC = f (1 − M )

(A.6)

It is seen from the graph that:

s1 = OR − d1 sin θ tilt

(A.7)

which leads to:

s2
f
=
s1 OR − d1 sin θ tilt − f

(A.8)

OT can be expressed in terms of system magnification as:
OR =

f ( M − 1)
M

(A.9)

Combining equations 2.6, 2.8, 2.10, and 2.11 with (2.5), we can find the variance of

ρ versus the object plane tilt angle θ tilt :
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ρ (θ tilt ) = ρ =

π

⎛ 1
⎞
+ tan −1 ⎜ cot(θ tilt ) ⎟
M
4
⎝
⎠

(A.10)

Dependence of the distance d 2 from the optical axis in the image plane versus
the corresponding distance d1 in the object plane can be derived from the same
formula 2.2.
As indicated by the geometry shown in Fig 2.6:
2

⎛ s f
⎞ ⎛s
⎞
d 2 = ( s 2 − OC ) + AB = ⎜⎜ 1
− f (1 − M ) ⎟⎟ + ⎜⎜ 2 d1 cos θ tilt ⎟⎟
⎝ s1 − f
⎠ ⎝ s1
⎠
2

2

2

(A.11)

Incorporating equations 2.9 and 2.10 in this result we obtain the relationship between
d 2 and d1 :

d1 f M 2 sin 2 θ tilt + cos 2 θ tilt
d2 =
f
−
− d1 sin θ tilt
M

(A.12)

On the other hand uniform magnification can be achieved by camera tilt. We
derived equation for the distance from optical axis in the camera plane d 3 versus the
distance from the optical axes in the object plane d1 for camera tilt angle ξ . Reference
to Fig 2.6 and the law of triangles d 3 can be expressed as:

d3 =

HC
cos(ξ + ψ )

(A.14)

Angle ψ can be defined as
d1 cos θ tilt
⎛ AB ⎞
−1
−1 ⎛
⎟ = tan (− s1 d1 cos θ tilt ) = tan ⎜⎜
⎝ OA ⎠
⎝ d1 sin θ tilt − f ( M − 1) / M

ψ = tan −1 ⎜

As far as:
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⎞
⎟⎟ .
⎠

(A.15)

HC = OC sinψ

(A.16)

and OC defined by (2.8) the expression for d 3 becomes:

d3 =

f (1 − M ) sin(ψ )
.
cos(ψ + ξ )

(A.17)
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