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Abstract: By means of experiment and simulation, we achieve
unprecedented insights into the formation of Talbot images to be observed
in transmission for light diffracted at wavelength-scale amplitude gratings.
Emphasis is put on disclosing the impact and the interplay of various
diffraction orders to the formation of Talbot images. They can be
manipulated by selective filtering in the Fourier plane. Experiments are
performed with a high-resolution interference microscope that measures the
amplitude and phase of fields in real-space. Simulations have been
performed using rigorous diffraction theory. Specific phase features, such as
singularities found in the Talbot images, are discussed. This detailed
analysis helps to understand the response of fine gratings. It provides
moreover new insights into the fundamental properties of gratings that often
find use in applications such as, e.g., lithography, sensing, and imaging.
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1. Introduction

Periodic structures diffract light, and such diffracted light interferes in the vicinity of the
structure. Potentially the simplest example for a periodic structure is an amplitude grating that
diffracts the light into discrete directions. In the Fresnel diffraction regime, these diffraction
orders interfere and cause a self-imaging phenomenon of the grating. This phenomenon is
known as the Talbot effect, named in honor of his discovery by F. Talbot in 1836 [1]. The
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Talbot effect says that the field behind the grating possesses a periodicity in axial direction, in
addition to the periodicity in lateral directions due to the periodicity of the object. The field
distribution repeats at regular distances away from the grating surface. This regular distance
was derived within the paraxial approximation by Lord Rayleigh in 1881 and was called the
Talbot length [2].

The Talbot effect has been intensively studied both theoretically and experimentally. The
theoretical studies often focused on a discussion of the origin of the Talbot effect and
associated phenomena. Different phenomena and their origins were discussed while imposing
different approximations. Work has been done in the framework of Fresnel diffraction [3],
Fresnel images [4], Fourier images [5], theory of image formation [6], and effects such as the
quasi-Talbot effect [7] or the fractional and fractal Talbot effects [8] were investigated. Also,
rigorous studies were done using, e.g., electromagnetic theory [9], the finite-difference time-
domain (FDTD) method [10] and the Rayleigh-Sommerfeld formula for effects of aberrations
on the self-imaging process [11]. There are much less experimental investigations
documented. The majority concentrated on proposing applications that exploit the Talbot
effect, for example, for imaging [12], measuring the refractive index [13], sensing a distance
and a displacement [14], lithography [15, 16], array illumination [17], and sub-wavelength
focusing [18]. In physical optics, researchers discussed effects down to the quantum
mechanics level, i.e. the quantum Talbot effect [19, 20]. Such self-imaging phenomena are
not only limited to the optical spectrum. Talbot effect exits for atomic matter waves [21, 22],
x-ray [23], electron beams [24], and surface plasmons [25,26].

In all such studies, the contribution of each diffraction order to the Talbot effect, to the
best of our knowledge, has never been discussed on experimental grounds. Moreover, a
typical Talbot experiment relies on gratings with periods that are large compared to the
wavelength. The diffraction formula for the grating at normal incidence is given as

mA
sinf =—, 1
m A ( )

where 6 is the diffraction angle, m is the diffraction order, and A is the period of a grating.
The small-angle approximation finally leads to Eq. (1) sinf ~6, when A/A is small; usually
called the paraxial approximation [2, 19]. Such an approximation makes the experimental and
theoretical conditions easier and simpler to control; but the number of diffraction orders that
contribute the formation of an image is huge. In consequence, the individual manipulation of
an individual diffraction order and the discussion of its impact turn out to be a tedious task.
Therefore, gratings with a smaller period are much more appealing to discuss the impact of
individual diffraction orders to the formation of the Talbot images.

In the past, scanning near-field optical microscopy (SNOM) was used to measure the
amplitude and phase distributions emerging from a 1-um-period grating [27]. Although
SNOM assures an increased spatial resolution due to its capability to resolve truly
subwavelength features, the unavoidable scanning in the axial direction renders the
experimental efforts complicated and the manipulation of diffraction orders in a Fourier plane
is also not possible.

In this paper, we experimentally study the diffraction of light by wavelength-scale-period
gratings in the Fresnel diffraction regime with a high-resolution interference microscope
(HRIM). Note that the Fresnel diffraction regime stands for the measurement space close to
the grating surface, not for the Fresnel approximations. The HRIM allows to record three-
dimensional (3D) amplitude and phase fields of light in real space emerging from the grating
in transmission. The space can be immersed in air, water, or index matching oil and the use of
high numerical aperture (NA) objectives allows to collect a large number of diffraction
orders. Unique to our experimental approach is the possibility to manipulate the Fourier plane
of the observing objective lens by a Bertrand lens [28]. It allows us to select specific
diffraction orders. The Talbot images are called throughout the manuscript as artificial Talbot
images, when some diffraction orders are filtered. We discuss the influence of wavelengths,
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the refractive index of the immersion medium and the number of diffraction orders on the
Talbot images, which are recorded as amplitude and phase fields. Since the gratings have
critical dimensions in the order of the wavelength, their optical action cannot be described
while imposing approximations to Maxwell’s equations, i.e. the thin-element approximation.
Therefore, rigorous numerical means are used to solve Maxwell’s equations, taking into
account all miniscule details of the experiment. This approach allows to support entirely all
our experimental results.

We will discuss in detail experimental and numerical results with one-dimensional (1D)
amplitude gratings with periods of 1 pm and 2 pm with the filling ratio 0.5 defined as d/A,
where d is the width, which the grating material occupies within the period. They are
fabricated on a glass substrate by depositing gold with a thickness of 150 nm. The
polarization effect has been considered, but there was practically no influence, since no
polarization sensitive resonance is evoked in the interaction process. Therefore, most of the
results we present are for an illumination with a plane wave propagating along the positive z-
direction and being polarized in the x-direction, which is the TM case for the grating.

1.1 Talbot length

In 1881, Lord Rayleigh showed that the origin of the repeated intensity modulation in the
propagation direction after periodic structures, the Talbot effect, is a result of interferences of
diffracted beams and found the characteristic Talbot length Z [2] to be

Z, I S 2)

)

He also suggested the simplification of Eq. (2) when the wavelengths 4 is considered to be
small compared to the period A of the structure. In this paraxial approximation the Talbot
length can be expressed by

2N’
Z, == 3)

Surprisingly, this simplified formula [Eq. (3)] is still sufficiently accurate for fine-period
gratings, whose period becomes comparable to the wavelength. For instance, the difference
between the Talbot lengths, which is calculated by Eqgs. (2) and (3) for a grating of 1.5A
period at 642-nm wavelength, is smaller than 400 nm. This is often negligible in experiments
because the axial resolution of the far-field measurement system is in general larger than this
value. Although for our wavelength-scale-period gratings the paraxial approximation cannot
be considered anymore as valid, i.e., MA is not small anymore, Eq. (3) is still suitable for
anticipating the Talbot length and verifying experimental results for such fine-period gratings.

1.2 Sub-images by quasi- and fractional-Talbot effect

Apart from the self-images, which occur at multiples of half the Talbot length with a lateral
period identical to the period of the grating, sub-images also exist at smaller fractions of the
Talbot length (i.e. the sub-Talbot planes). The field in these sub-images possesses a smaller
lateral period when compared to that of the self-images [7, 8]. For example, gratings with a
relatively large period compared to the illuminating wavelength generate a large number of
diffraction orders. When the higher diffraction orders can destructively interfere with the
lower orders, sub-images with smaller fractions of the original lateral periodicity appear in the
sub-Talbot planes. The influence and role of the higher diffraction orders will be discussed in
section 4 by filtering lower diffraction orders.
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2. Experimental setup
2.1 High-resolution interference microscope

High-resolution interference microscopy is a holographic microscopy in a sense that it records
interferograms of an object with a reference field. By measuring multiple interferograms with
an adjustable phase difference between object and reference field, the amplitude and phase
distributions of the object field can be retrieved. In general, interferometric testing systems
have been developed for two-dimensional (2D) measurements, for example, surface profiling
and wavefront measurements of light fields in a plane of interest [29]. The major difference of
our HRIM when compared to other interference microscopes is the ability to record amplitude
and phase fields in 3D by scanning the samples along the axial direction and repeating the
measurement procedure. Furthermore, the HRIM is reinforced with auxiliary techniques
known from conventional microscopy, which are often difficult to be implemented in other
types of holographic or interferometric microscopes.

The HRIM has been already proven as a powerful tool for the 3D characterization of
macro-, micro-, and nano-optical elements [30-33] and to measure light field features with
nanometric precision [34]. The HRIM operates in transmission with an in-line geometry by
employing a Mach-Zehnder interferometer as shown in Fig. 1.

Bertrand
Lens
Back focal plane of objective
CCD
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g EE '.“E i
=== il
gas Tube lens
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Fig. 1. Schematic of the HRIM system. A Bertrand lens is inserted only to image the back focal
plane of the objective (Fourier plane). The Talbot images will be recorded without the Bertrand
lens. Images of the back focal plane are presented in the insets in order to visualize diffraction
orders at different wavelengths: diffraction patterns of a 2-um-period 1D amplitude grating for
three different wavelengths (642 nm, 532 nm, and 405 nm).

Three single mode polarized laser diodes with different powers and wavelengths are used
to investigate the wavelength dependence in the visible spectrum (CrystaLaser, 642 nm:
DL640-050-3, 532 nm: IR-GCL-025-S, 405 nm: BCL-040-405-S). In the classical
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interferometric arrangement a polarizing beam splitter (PBS) divides the incident light in a
reference and an object arm with adjustable energy ratio. Half wave plates (HWP) and Glan-
Taylor (G-T) polarizers are used to adjust the intensities and to optimize the contrast of the
interference fringes. In the reference arm, a piezo-electrically driven mirror is mounted to
change the optical path length. The phase distribution of the wave field is obtained by
measuring the interference fringes at different mirror positions and employing the well-known
S-frame algorithm, which is called Schwider-Hariharan method [35, 36]. Five frames of the
intensity pattern, from which the 2D phase information can be directly retrieved, are recorded
with each frame being shifted by adding an optical path of A/4 or 0.5n. The grating sample is
mounted on a precision piezo stage with a z-scan range of 500 um and a nominal accuracy of
1 nm (MAD LAB CITY, NANO Z500). This z-axis piezo stage is used to precisely define the
plane of interest at the highest resolution and measure 3D light fields emerging from the
wavelength-scale gratings by scanning the grating along the axial direction.

In general, a high numerical aperture (NA) of the observation objective ensures high-
resolution of the amplitude and phase measurements. Moreover, high magnification leads to
more pixels per area on an image sensor for small fields. While not really useful if intensity
only fields are recorded, the phase imaging profits from such oversampling because features
of the phase field are not subject to the resolution limit [34]. The resolving power for intensity
features, i.e., the resolution of an optical imaging system like a microscope, can be limited by
factors such as imperfections of the lenses or misalignment. However, there is also a more
fundamental limit to the resolution of any optical system which is due to diffraction. An
optical system with the ability to produce images with angular resolution as good as the
instrument's theoretical limit is said to be diffraction limited [37]. Assuming that optical
aberrations in the whole optical setup are negligible, the lateral resolution d can be stated as
the Abbe limit (Ax) = A/ 2NA [38, 39], which has been named in honor of Ernst K. Abbe. For
example, the nominal lateral resolutions for a 100X / NA 0.9 objective (Leica Microsystems,
HC PL FLUOTAR) equipped in the HRIM is calculated to be 357 nm at a wavelength of 642
nm. Along the optical axis, the Rayleigh criterion can be applied with the simplified formula
derived as Az = A-n/ (NA2 ), where n is the refractive index of the medium [40]. The calculated
axial resolution at a wavelength of 642 nm is Az = 793 nm. At 100X magnification, a pixel on
our charge-coupled device (CCD) sensor (Sicon Corporation, CFW1312M camera with
SONY ICX205AK image sensor of 1360 x 1024 pixels) corresponds to 46.5 nm in the object
plane. This leads to the maximum field of view of the CCD camera of 64 x 48 umz, which is
sufficiently large to investigate small-period gratings.

2.2 Spatial filtering at the Fourier plane

Spatial filtering and the Fourier plane manipulation play an important role not only in image
processing but also in understanding fundamental principles in optics. Abbe pioneered the
manipulation of the Fourier plane in order to investigate the image formation of microscopy
[41]. He created various diffraction experiments and tried to monitor and manipulate light in
the back focal plane of the objective. Removal of the eyepiece and the use of an auxiliary lens
permitted him the observation of the back focal plane. By such experiments with a series of
diffraction gratings, he succeeded in deriving the theory of image formation and the resolution
limit of microscopy [39, 42]. When diffraction elements, such as diffraction gratings, are
under investigation, monitoring the Fourier plane and filtering some diffraction orders are still
an interesting approach.

Depending on models and suppliers of the microscope, there are generally two options to
place an optical component to image the back focal plane. One is to insert it after the tube
lens. The other is placing it between the objective and the tube lens. The HRIM is equipped
with a Bertrand lens [28] (Leica Microsystem) placed between the objective and the tube lens.
The insets of Fig. 1 show representative images of the back focal plane for three different
light sources. We can observe how many diffraction orders are propagating from the 2-um-
period amplitude grating upon illumination of red, green and blue wavelengths. For example,
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the collected diffraction orders of the 2-um grating are five (0, £1, +2), seven (0, £1, £2, £3),
and nine (0, £1, £2, 3, +4) for 642-nm, 532-nm, and 405-nm illuminations, respectively.

The selective filtering of diffraction orders is designed in two schemes. First, for the
symmetric filtering a diaphragm integrated in the back focal plane of the objective can cut off
the higher orders. Second, to selectively filter the diffraction orders, we insert an additional
obstruction opaque disc with a particular shape at the exit pupil plane of the objective. When
no such a filtering is applied, all propagation orders pass through the HRIM and contribute to
the formation of the Talbot images. The detailed experimental conditions and analysis will be
discussed with the results of the I-um grating throughout section 4, where rigorous
simulations fully support the measurements.

In the following sections we will discuss at first the influence of the wavelength, at second
the influence of the numerical aperture of the objective, and at third the influence of selected
diffraction orders on the appearance of the Talbot images.

3. Wavelengths and numerical aperture
3.1 Spectral dependency of Talbot effect

As one can see in the diffraction formula of a grating, Eq. (1), illumination of different
wavelengths for the same grating lead to different diffraction angles and the number of
propagating diffraction orders differ, as shown in the insets of Fig. 1. Therefore, the Talbot
length changes and the corresponding Talbot images have different appearance.

We illuminate at first a 1D grating with 2-um period at three different wavelengths and
measure the Talbot images. The HRIM is equipped with a 100X / 0.9 dry objective and
distributions are recorded starting from the surface of the grating to 20 pm above the grating
[z =0 - 20 pm]. The measured x-z intensity distributions are shown in Fig. 2. The
corresponding rigorous simulations made by the Fourier Modal Method (FMM) [43, 44] are
also shown in Fig. 3. In these simulations all the details of the structure and the set-up are
fully taken into account.
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Fig. 2. The x-z slices of measured 3D intensity distributions, which exhibits Talbot images
emerging from a 2-pum period grating for different wavelengths: (a) 642 nm, (b) 532 nm, and
(c) 405 nm. The grating surface is set to z = 0 um. The intensities are normalized.

Referring to Eq. (1), for a 2-pm-period grating at normal incidence, one finds the angle of
the first diffraction order as 19° for 642 nm, 15° for 532 nm, and 12° for 405 nm. The
microscope objective with an NA of 0.9 can collect light until an angle of 65°. The diffraction
orders from 0™ to 2™ are collected by the NA0.9 objective at 642 nm. For 532-nm and 405-
nm illuminations, higher diffraction orders up to +3™ and +4™ are collected, respectively. In
Fig. 2, the Talbot lengths are found to be Zt = 12 um for 642 nm, Zr = 14 pm for 532 nm, and
Zy =20 pm for 405 nm. The calculated Talbot lengths using Eq. (3) are 12.5 um for 642 nm,
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15 pm for 532 nm, and 19.8 pm for 405 nm. The measured values show excellent agreement
with the analytical solution.

One observes self-images at Zr and shifted self-images at half of the Talbot length (Z1/2)
as could be expected [7, 8]. The visibility of the smaller fractions and sub-Talbot images
differs because the number of collected diffraction orders and the intensity of each diffraction
order vary for different wavelengths.
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Fig. 3. The x-z slices of simulated 3D intensity distributions for a 2-um period grating at
different wavelengths (corresponding to Fig. 2): (a) 642 nm, (b) 532 nm, and (c) 405 nm. The
intensities are normalized and the grating surface is at z = 0 um.

3.2 Refractive index dependency of Talbot effect

The wavelength of light in an optically dense medium 4,4, becomes shorter and is inversely
proportional to the refractive index of the medium #:

ﬂ'medium = i ‘ (4)
n

Therefore, when the grating is immersed in a medium, the diffraction angle will be smaller
compared to that in air. For instance, Eq. (1) leads to a diffraction angle of the first diffraction
order of 12° for A = 2 pym, 4 = 642 nm and n = 1.5. This eventually leads to analogous
consequences as seen for the spectral dependency, which is discussed above in section 3.1.

The HRIM is now applied to compare the Talbot images in air and in immersion oil for a
grating of A =2 um. Except for the immersion of the object space between the grating surface
and the observing objective, all other experimental conditions remain the same. For the
measurement in immersion, we use a 100X / NA 1.4 oil objective from Leica Microsystems,
which has the same acceptance cone angle (65°) as the 100X / NA 0.9 dry objective. Figure 4
gives comparative schematics, the images of the back focal plane of each objective, and
corresponding longitudinal intensity distributions. The back focal plane is imaged by using
the Bertrand lens and the Talbot images are recorded without it.

As we can see in Fig. 4(b), the immersion leads to a larger number of diffraction orders. In
consequence, the same observation is made while using shorter wavelengths. An increasing
number of diffraction orders contribute to the formation of sub-Talbot images; leading to a
better image resolution. Particularly, the sub-Talbot image planes at approximately z =5 pm
and z = 15 pm show structured light fields with twice the periodicity of the original grating
images due to the contribution of the prominent 2™ diffraction orders compared to Fig. 4(a).
These planes are clearly found in the intensity distribution of Fig. 4(b).
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Fig. 4. Experimental arrangements for a 2-um period grating: (a) in air and (b) in immersion
oil. A schematic, the back focal plane of the objective, and the measured longitudinal intensity
distributions are shown for each case. We can see the different diffraction angles, and therefore
the number of collected diffraction orders differs due to the immersion effect with the fixed
acceptance cone angle. The intensities are normalized and the grating surface is at z =0 um.

3.3. Talbot images and their dependency on the NA of the observation objective

We have seen that with a change of wavelengths or by immersion, we can influence the
diffraction orders that contribute to the creation of Talbot images. We now apply a direct
manipulation of the diffraction orders in the Fourier plane to study their effect more
systematically. The oil immersion objective has an integrated diaphragm which allows to
adjust the NA without changing other experimental conditions. As shown in Fig. 5, lowering
the NA by closing the diaphragm leads to filtering of higher diffraction orders. This is
illustrated in the upper row of Fig. 5. This instructively demonstrates how the resolution in the
intensity and phase measurements evolves from a low NA (e.g., 0.7) to a high NA (e.g., 1.4)
systems. Besides the images of the back focal plane for each NA and corresponding
longitudinal intensity, we show in Fig. 5 the measured longitudinal phase distributions.

To find the Talbot length in immersion, one should consider the effective wavelength,
which is evaluated using Eq. (4) to be A = 428 nm, rather than a vacuum wavelength of A =
642 nm. By applying this effective wavelength to Eq. (3), the Talbot length Zr for the
immersion case is Zr = 18.7 pm. Evaluation of the distances in the measured Talbot images of
both intensity and phase gives a Talbot length of approximately 18 pm, which shows
excellent agreement with the analytical value.

In Fig. 5, we see that the intensity images at lower numerical aperture suffer from a
reduced resolution represented by a smoothing of the image. Although the phase maps are
smoothed too, we clearly observe that they maintain information such as the axial position of
phase singularities at their proper position. When the period of grating is small, in general the
fewer diffraction orders appear and moreover the amplitude of higher orders is relatively low.
We can neglect their influence on the axial position of singularities (not the lateral position).
Therefore, the singularities occur only in the plane of self-images; this is confirmed by the
FMM simulations. When we evaluated the Talbot lengths with the phase fields we could not
find a substantial difference between NA 0.7 and 1.4. The measurement precision is assumed
to be the double of the z-axis pixel size ( = 4/20) of the 3D measurement for this case.
Therefore, the axial distance of the planes containing such phase singularities can serve as the
precise measure of the Talbot length even if lower numerical apertures and therefore lower
resolution is used.
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Fig. 5. The variation of the NA and measured Talbot images of both intensity and phase
distributions for the 2-um grating in oil immersion: (a) NA = 0.7 and (b) NA = 1.4. The upper
row shows the schematic and the back focal plane of each NA case. The lower row shows the
corresponding longitudinal intensity and phase distributions of each case. The intensities are
normalized and the grating surface is at z =0 um.

4. Interferences of 1-um-period amplitude grating: Artificial Talbot image

When a plane wave normally illuminates the diffraction grating, the beam of each diffraction
order can be considered as a plane wave traveling with an angle given by Eq. (1). For intuitive
explanations, we sketch a plane wave propagating along the positive z-axis in free space as in
Fig. 6(a), where the bright and dark horizontal lines represent the peak and valley phases of
the plane wave [45]. When two of such plane waves interfere, linear fringes like Moiré
patterns are created as illustrated in Fig. 6(b) [45, 46]. Although this does not support the
sinusoidal fringe patterns, which are more realistic results of the interference phenomenon, we
introduce this analogy for the cases of two diffraction orders in the following sub-sections due
to the merit of simplicity and intuitiveness.

Fig. 6. (a) A single grating-like pattern represents a snapshot of a plane wave propagating in
the positive z direction. (b) Moiré patterns are formed as tilt fringes of the two plane-wave
interference. Please note that it does not support the sinusoidal fringe patterns. For three plane
waves, as in (c), repetitive modulations in the z direction appear: a representation of the
conventional Talbot image. Two self-image planes are indicated and the distance between them
leads to the half Talbot length (Z1/2) since the half of the lateral period is shifted.
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In the case of Fig. 6(b), lateral periodic patterns can be observed in every plane
perpendicular to the axial direction (z-axis) as the bright and dark fringes repeat along the
lateral direction (x-axis). Consequently, no axial periodicity appears. Please note that in the
bright fringe the overlap of the wavefront lines does not mean an actual fringe. This implies
that two waves meet in-phase and the result is a bright stripe compared to the dark stripe in
the out-of-phase situation. Thus, Fig. 6(b) does not represent a conventional Talbot image,
which repeatedly appears at regular distances along the axial direction. To produce intensity
modulation along the axial direction in such linear fringes, another plane wave is necessary.
In such a three-plane-wave interference, periodic patterns along the z-axis are produced, as
shown in Fig. 6(c). A minimum of three diffraction orders (plane waves) is therefore required
to form a conventional Talbot image [27]. Our setup allows us to experimentally prove such
behaviors because we can selectively block or manipulate diffraction orders in the back focal
plane and verify their contribution to the Talbot images.

A 1-um period amplitude grating is illuminated at normal incidence by a plane wave with
a wavelength of 642 nm and the space between the grating and the observation objective is
filled with immersion oil, as in Fig. 5. For the 1-um-period grating, the Ewald-sphere
criterion [47] explains that there are five propagating diffraction orders: from 0" to + 2™. The
diffraction angle of the first and second orders are calculated to be 25° and 59°, respectively
[use the effective wavelength Apeqium = 428 nm]. The second orders are non-paraxial beams,
whose deflection angles are greater than 30° with respect to the optical axis [48]. Rigorous
methods for simulations should be applied to find a correct description. Since the maximum
half angle of the acceptance cone for the NA1.4 immersion objective is 65° contributions
from all five propagating orders are collected as shown in Fig. 7(a). For reference, we record
the intensity and phase distributions when all these propagating diffraction orders are
contributing. The results are shown in Figs. 7(b) and 7(c). Sub-Talbot images are detectable in
the bottom half of Fig. 7(b) as a result of the contribution of the +2" orders. Here, the large-
angle diffracted beams, the +2™ orders, escape the acceptance cone angle of the measuring
system when the observation plane is far away from the grating surface [beyond z = ~10 pm].
As shown in the upper half of Fig. 7(b), the Talbot images get simpler and sub-Talbot images
disappear. This is an intrinsic limitation of the 3D scanning in a conventional microscopic
observation system.
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Fig. 7. Measurements and simulations for a 1-um-period grating in oil immersion at 642-nm
wavelength when all propagating diffraction orders are contributing to the Talbot image. (a)
The CCD image of the back focal plane of the objective with five propagating diffraction
orders. The measured longitudinal (b) intensity and (c) phase distributions. The corresponding
simulations for (d) intensity and (e) phase. The intensities are normalized and the grating
surface is at z = 0 um.

In the phase distribution shown in Fig. 7(c), phase singularities are only found in the self-
image planes. The plane containing the singularities is a precise indication of the location of
the Talbot plane (the self-image plane). The reason is that a completely destructive
interference, which leads to such singularities, can only occur in the self-image planes
because the 0" and +1* orders possess an equal intensity level that can cancel out each other.
The corresponding simulation results are presented in Figs. 7(d) and 7(e), which show good
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agreement for both intensity and phase distributions compared to Figs. 7(b) and 7(c). A phase
wrapping along the longitudinal direction occurs intrinsically due to the modulation of the
optical path length (OPL) in the interferometry during the z-axis scanning. This is an effect
caused by the immersion scheme: while scanning the sample along the z-axis, the distance
between the sample and the objective is changed that leads to a variation of the effective
optical path length of the reference arm, which can be written as

AOPL=(n,, —n,,)-l, (5)

where [ is the scanning distance and » is the refractive index of indicated material, oil or air.
The period of such a phase wrapping is therefore inversely proportional to the refractive index
difference of the immersion media and air [= n,; — ny;,]. The measured wrapped images show
a periodicity which is approximately 2 times larger than the operation wavelength for the oil
immersion case (n,; = 1.5). This has to be considered for the numerical simulation of the
phase distributions and the results show excellent agreement with the measured phase maps.

Different filtering situations will be simulated in the following sub-sections. For easier
interpretations, we always monitor the contributing diffraction orders to the artificial Talbot
images for each experimental arrangement. Please note that the images presented in the
following sections are not real Talbot images from the grating; the beams of each diffraction
order are artificially manipulated and the results are the interference between selected
diffraction orders. In order to individually block diffraction orders, we insert opaque screens
of different shapes in the exit pupil of the objective. The higher diffraction orders can also be
symmetrically filtered out by the objective diaphragm in the back focal plane.

4.1 A single diffraction order: The 0™ order

By closing the objective diaphragm, we cut off all higher orders, i.e., the +1* and +2" orders,
except the 0™ order, as shown in Fig. 8(a). With no surprise, Fig. 8(b) shows that just one
diffraction order does not create any image because it is just an on-axis propagating plane
wave. This is in line with Abbe’s diffraction trials [39, 42]: if only one order of the diffraction
spectrum of a periodic object is allowed to pass through the szfstem, no object structure can be
recognized. Although we only demonstrated it with the 0" order, regardless of the order
number a single diffraction order cannot render an image of the illuminated object. The only
differences among the images obtained by different orders are the propagation angle of the
beam with respect to the optical axis and the relative intensity due to the effect of the slit
width. The result is shown for completeness and does not need further discussion.

o 2 4 6 8 10 °
X—axis (pm)
Fig. 8. The measured intensity distribution emerging form a 1-um-period grating in oil
immersion at 642 nm wavelength when only the 0" order passes through the HRIM. (a) The
CCD image of the back focal plane of the objective and (b) the longitudinal intensity
distribution. The intensity is normalized and the grating surface is at z = 0 pm. The diaphragm
cuts off the all higher diffraction orders except the 0" order.
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4.2 Two adjacent diffraction orders: The 0" and +1* or the +1*" and +2"

We set a first experimental scenario of the two-plane-wave interference by letting two
adjacent diffraction orders pass through the observation system. In this way we obtain
resolvable images of the sample (the 1-um-period grating), but no conventional Talbot
images. Figures 9 and 10 present different configurations when two adjacent diffraction
orders are used: Fig. 9 for the 0™ and +1* orders and Fig. 10 for the +1" and +2" orders. For
each case, a schematic illustration, the back focal plane CCD images and the measured and
simulated intensity distributions are presented. Typical tilted Moiré fringes of the two-plane-
wave interference are observed in the intensity maps.

Since they are two adjacent diffraction orders, the period of transverse images correspond
the period of the grating sample. This agrees well with the Abbe’s theory of image formation
in a microscope [39], which states that a faithfully represented structure of an object can only
be recognized when at least two adjacent orders of the diffraction spectrum are allowed to
pass through the imaging system. The principle direction of the Moiré patterns lies on the
middle of two orders and such tilted Moiré patterns lead to a continuous lateral shift of the
transverse grating images during the 3D measurement, where the observation plane is scanned
along the optical axis (z-axis).
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Fig. 9. The scenario for the 0" and +1*' orders passing through the HRIM: (a) the illustration of
the two-plane-wave interference, (b) the CCD image of the back focal plane, (c) the measured
and (d) simulated longitudinal intensity distributions. The intensities are normalized and the

grating surface is at z = 0 um. The dark obstruction blocks the —1* order and the diaphragm
cuts off the +2™ orders.

+1st order
0.9

0.8
0.7

0.6

0.5

0.4

0 2 4 6 8 10
x—axis (Lm) x—axis (LLm)

Fig. 10. The scenario for the +1* and +2" orders passing through the HRIM: (a) the illustration
of the two-plane-wave interference, (b) the CCD image of the back focal plane, (c) the
measured and (d) simulated longitudinal intensity distributions. The intensities are normalized
and the grating surface is at z = 0 um. The dark obstruction blocks the Oth, —1* and —2" orders.
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When the observation plane is moved far away from the grating surface, higher diffraction
orders, which have large diffraction angle with respect to the optical axis, escape the cone of
the acceptance angle of the objective given by the NA. Consequently, the diffracted beam
with a larger angle, i.e., the +2™ order, escapes the acceptance cone angle of the measuring
system after z = ~10 pm. In general, this causes smoothening of the Talbot images and the
suppression of the sub-Talbot images. In the discussion we concentrate on feature appearing
within the region close to the grating, where such higher orders contribute to the formation of
the Talbot images. This effect is visible in the upper half of Fig. 10(b), where no interference
fringes occur, compared to Fig. 10(c). Except this, the, measurement is in good agreement
with rigorous simulation result.

4.3 Two non-adjacent diffraction orders: The +1" orders or the +2" orders

When the intensity difference between two diffraction orders is relatively large, the image
contrast is too low to provide useful information. Thus, we simulate the experimental situation
of the interference of the two non-adjacent diffraction orders for only symmetric orders,
which possess equal intensity. For example, the case of the +1* orders is shown in Fig. 11 and
the case of the #2" orders in Fig. 12. The angle between two symmetric orders is two times
larger than the diffraction angle for the corresponding order number m. Therefore, the angles
between two interfering orders are 50° for the +1* orders and 118° for the +2™ orders. Since
they are symmetric orders under normal incidence, the Moiré fringes appear parallel to the
optical axis. For the +1* orders case in Fig. 11, the period of the transverse pattern is half the
grating period as if a twice smaller grating is imaged by the interference of the two adjacent
diffraction orders. The phase of Moiré patterns shows a n difference between adjacent bright
stripes as shown in Fig. 11(c).
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Fig. 11. The scenario for the £1* orders passing through the HRIM. (a) The illustration of the
two-plane-wave interference and (b) the CCD image of the back focal plane. The measured (c)
intensity and (d) phase distributions along the longitudinal plane (x-z plane). The
corresponding simulation results for the (d) intensity and (f) phase. The intensities are
normalized and the grating surface is at z = 0 um. The dark obstruction blocks the 0™ order and
the diaphragm cuts off the +2" orders.
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Figure 12 shows the case of the +2™ orders. The period of the transverse pattern is
predicted to be a quarter of the original grating period as if a four times smaller grating would
be imaged. Since the intensity of such orders is significantly lower in a wavelength-scale
amplitude grating, the measurement is at its performance limit for both intensity and phase
recording. The phase distribution measurement failed due to the low contrast of the
interference fringes. The intensity distribution shows heavy deformations when compared to
the simulation result. Here, we are far away from the paraxial approximation with a
propagation angle of 59° with respect to the optical axis. The rigorous numerical simulation
shows still the classical two-plane-wave interference, which can be readily understood by
Fourier optics and plane-wave decomposition.
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Fig. 12. The scenario for the +2" orders passing through the HRIM: (a) the CCD image of the
back focal plane, (b) the measured intensity distributions along the longitudinal plane (x-z
plane). The simulation results for the (c) intensity and (d) phase. The intensities are normalized
and the grating surface is at z = 0 um. The dark obstruction blocks the 0" and +1* orders. Due
to low contrast of interference fringes, the phase distribution was not properly measured.

Other case of two non-adjacent orders, which are not symmetric with respect to the optical
axis might be considered, for instance the —1* and +2™ orders or vice versa (2" and +1%).
However, the intensity contrast of those orders in the measurements was too low to produce

readable data. In the simulation results of Fig. 13 for the case of the —1 and +2" orders,
typical tilt-fringe like transverse patterns are shown with one third the original grating period.
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Fig. 13. The scenario for the —1* and +2" orders passing through the HRIM: simulated (a)
intensity and (b) phase distributions along the longitudinal plane (x-z plane). The intensity is
normalized and the grating surface is at z = 0 pm. Due to low intensity, the fields data were not
properly measured.
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4.4 Four non-adjacent orders: The +I"" and 2" orders

In Fig. 14, when the 1 and +2™ orders pass through the HRIM, the 2™ orders produce the
low-contrast intensity modulation on the existing main Moiré fringes, which are generated by
the 1st orders [compare with Fig. 11(c)]. The escaping of the 2™ orders is observable in the
upper half of Fig. 14(b) due to the limited acceptance cone of the HRIM. The lower intensity
and escaping of the second orders cause small discrepancy from the simulation results shown
in Figs. 14(d) and 14(e). Since the intensity of the 2™ orders is much weaker than the 1%
orders, the dominant contribution for the period of the lateral patterns comes from the first
orders, which is a half of the original grating period. The phase distributions are still
analogous to the case of the +1* orders and exhibit the 7 phase difference between the main
Moiré fringes.
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Fig. 14. The scenario for the +1* and +2" orders passing through the HRIM. (a) The CCD
image of the back focal plane and the measured (b) intensity and (c) phase distributions along
the longitudinal plane (x-z plane). The corresponding simulation results for the (d) intensity
and (e) phase. The intensities are normalized and the grating surface is at z = 0 um. The dark
obstruction blocks the 0™ order.

4.5 The adjacent three orders

The previous case study for two adjacent diffraction orders and the several non-adjacent
diffraction orders do not produce self-images, which are repeated at a regular distance from
the grating surface and have the period of the image identical to that of the grating. It is
known that the conventional Talbot images only appear if a minimum of three adjacent
diffraction orders of equal intensity are involved [27].

One needs to take not only the number of the diffraction orders but also the amplitude into
account since it plays an important role to realize completely destructive interference. In order
to verify the influence of the of three diffraction orders, we simulate two experimental
situations. First, we consider the non-symmetric case with O‘h, +1*, and +2" orders as a case
of the diffraction orders of non-equal intensity. As we discussed in the Erevious sections, the
intensity of the 2" orders is much weaker than that of the others (the 0™ and the +1* orders).
Therefore, the contribution of weak-intensity orders to the interference is not sufficient to
generate the pronounced axially periodic features, as shown in Fig. 15. This is almost the
same result as Fig. 9. For the second case, we design to obtain completely destructive
interference along the axial direction by involving the three interfering beams of equal
intensity. Otherwise, the stronger two beams dominate and produce Moiré like patterns [see
Fig. 6(b)] rather than Talbot images. We can realize the second situation with the three lowest
diffraction orders (the 0™ and +1* orders). In general, the lower diffraction orders carry a
majority of optical power and they eventually have an equal intensity level, which can cancel
out each other when they are out of phase. By closing the diaphragm of the objective, we cut
off the +2™ orders, as shown in Fig. 16(a).
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Fig. 15. The scenario for the Oth, +1* and +2™ orders passing through the HRIM. (a) The CCD
image of the back focal plane, (b) the measured and (c) the simulated longitudinal intensity
distributions. The intensities are normalized and the grating surface is at z = 0 um. The dark
obstruction blocks the —1* and —2" orders.
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Fig. 16. The scenario for the 0" and +1* orders passing through the HRIM. (a) The CCD image
of the back focal plane and the measured (b) intensity and (c) phase distributions along the
longitudinal plane (x-z plane). The corresponding simulation results for the (d) intensity and (e)
phase. The intensities are normalized and the grating surface is at z = 0 um. The diaphragm
cuts off the 2™ orders.

Figure 16 shows the result with much less complex Talbot images compared to Fig. 7 due
to the lack of the 2" orders’ contribution. The phase Talbot images shown in Figs. 16(c) and
16(e) confirm destructive interference by creating phase singularities at the self-image planes.
On both side of the self-images, the amplitude becomes zero and the phase is not defined that
is a typical situation for a phase singularity. Therefore, the balance of the intensities between
interfering orders is important to yield such a destructive interference. Only the lowest and
adjacent diffraction orders show this feature and can create the self-images. Finally, they lead
to the conventional Talbot images with the longitudinal periodicity.

6. Conclusions

This study revisits Abbe’s diffraction trials [42] and for the first time presents systematic
experimental investigations of amplitude and phase fields on Talbot effects with wavelength-
scale amplitude gratings. The goal of our study is not only diffraction and Talbot effect of the
grating but also the case out of classical approximations, e.g. short-wave, small-angle
(paraxial) and far-field approximations, imposed on such problems. When the wavelength-
scale object is considered, such approximations are not completely valid anymore.
Experiments and numerical simulation go hand in hand to show the influence of the
contributing diffraction orders. We apply a high-resolution interference microscope (HRIM),
which is able to investigate not only the amplitude but also the phase fields in the 3D object
space. For such fine gratings, non-paraxial beams, whose diffraction angle exceeds 30°, are
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involved. Therefore, rigorous numerical methods have to be applied for simulations. They
provide accurate results that are entirely in excellent agreement with the experimental results
produced by the HRIM.

By blocking and filtering the diffraction orders in the Fourier plane of the observing
objective lens, we generate artificial Talbot images. This allows us to observe the influence of
the intensity and the diffraction angles of the contributing diffraction orders on the Talbot
images. We experimentally and numerically confirm that the conventional Talbot effect,
which renders the self-images at a regular distance from the grating surface, occurs only when
a minimum of the lowest three diffraction orders, which have equal intensity, contributes to
the formation of the image. Even more important, we experimentally and numerically prove
that such a simple concept is still valid at such small dimensions and for grating periods as
small as 1 micron probed with a wavelength of 642 nm, where major classical approximations
are not true anymore. Abbe’s imaging theory for the microscope and diffraction experiments
explain that the image of an object can be produced by two adjacent diffraction orders.
However, this is not sufficient to produce conventional Talbot images due to the lack of the
axial periodicity. Artificial non-conventional Talbot images of such cases confirm the Abbe’s
theory and present longitudinal Moiré fringes.

Apart from the amplitude fields, the phase distributions of the Talbot images exhibit
specific features like phase singularities. Such singularities are only observed in the self-
images planes. In our experiment, only the lowest three diffraction orders yield destructively
interference because of their equal intensities. Identifying the plane of singularities in the
phase fields can serve as a precise measure of the Talbot length because it is not subjected to
the resolution limit as it would be in the amplitude fields.

Our study provides intuitive guidelines to the users of such fine gratings for imaging,
sensing, and lithography applications.
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