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INTERFERENCE LITHOGRAPHY WITH EXTRME ULTRAVIOLET LIGHT
Kim, Hyun-Su

In photolithography, increasing pattern density is a key issue for development of
semiconductor devices. Extreme ultraviolet (EUV) radiation is the next generation
light source for overcoming the resolution limit of conventional photolithography
in order to obtain nanostructures of higher density. In this thesis, we focus on
investigating resolution limits of interference patterns produced by EUV radiation.
Optical properties of interference fringes obtained using different types of
compact EUV sources are studied with regard to increasing pattern density.
Rigorous simulations of optical wave propagation of EUV radiation are performed
to investigate the resolution limits of interference fringes for the fractional Talbot
effect, the achromatic Talbot effect, and an image of Talbot carpet that has an
optical property of ever-decreasing size of interference fringes. In experiments,
interference lithography has been performed with three different types of compact
EUV sources including a gas discharge produced plasma, a plasma based EUV
laser, and a high-harmonic generation source. We analyze optical characteristics of
particular EUV sources resulting in different capabilities of patterning. Also
different optical system designs capable of overcoming the limitations of optical
properties of EUV radiation are investigated. We expect that the study of EUV
interference lithography can be helpful for understanding the upcoming
photolithography resolution and also can be useful as a technology for fabricating
very fine structures.
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Definitions/Abbreviations
AFM: atomic force microscope
CD: critical dimension
CCD: charge-coupled device
CW: continues wave
DLW: direct laser writing
DOF: depth of field
DPP: discharge produced plasma
EBL: electron beam lithography
EMF: electromagnetic field
EUV: extreme ultraviolet
F-K: Fresnel-Kirchhoff
FDTD: finite difference time domain
FFT: fast Fourier transform
FIB: focused ion beam
FWHM: full width at half maximum
HHG: high harmonic generation
HVM: high-volume manufacturing
IL: interference lithography
LER: line-edge roughness
LPP: laser produced plasma
ML: multilayer
MSDS: material safety data sheet
Msf: spatial frequency multiplication

NA: numerical aperture
NF: Fresnel number
OPC: optical proximity correction
OPD: optical path difference
Pitch: spatial period of fringes
Resist: photoresist
RS: Rayleigh-Sommerfeld
SEM: scanning electron microscope
TE: transverse electric polarization
TM: transverse magnetic polarization
zT: Talbot length

Introduction
Review of the Background
The fabrication of small structures of integrated circuits (IC) is a key technology in the
semiconductor industry. IC is a compact set of electronic circuits, which is composed of
individual electronics components, such as transistors, capacitors, or diodes on one small
plate (chip). During past decades, there has been a rapid growth of the technologies
focused on high circuit integration in small silicon pieces. Moores’s law has predicted that
the density of transistors and computing power doubles every two years. Photolithography
is a key technology to realize his predictions until the time that quantum physics may
define a future limit of electronic miniaturization and ever-increasing computing power
[1965 Moore, 2008 Powell].
Semiconductor device fabrication is the process used to create the ICs. The first IC was
printed using contact lithography, i.e. the image to be printed is obtained by illumination of
a photomask in contact. The fundamental limit to the resolution that can be obtained when
light is propagating through gratings is achieved in the evanescent near field regime of a
grating with finite thickness. Sufficient intensity and contrast exists for periods down to
λ/20, indicating that the evanescent near field is ripe to be harnessed for low-cost
nanolithography [2000 Mcnab].
Since contact lithography has defect and contamination issues, instead, proximity
lithography is used. It has lower resolvability due to the image blur by diffraction at a
certain gap distance from the mask. The resolution of proximity lithography is given by:
𝑅𝑒𝑠 ∝

𝑔∙𝜆

(01)

where g is the proximity gap, λ is the exposure wavelength.
Projection lithography
The fabrication of very-large-scale integration (VLSI) circuit is performed with projection
lithography systems. A photomask covers an entire field, which is imaged onto the wafer in
a single exposure or scanning procedure. The fundamental limit of the resolution of an
optical projection exposure tool is given by:
𝐶𝐷 = 𝑘1

𝜆
𝜆
= 𝑘1
𝑁𝐴
𝑛 𝑠𝑖𝑛 𝜃

(02)
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CD is critical dimension that is generally twice the half-pitch (period), k1 is called a process
factor (typically k1 > 0.25), NA is the numerical aperture of the lens given by n.sinθ, n is
the refractive index of the medium, θ is half of the opening angle (angular aperture) of the
lens. Depth of focus (DOF) is given by the following [2007 Mack, 2010 Levinson]:
𝐷𝑂𝐹 = ±𝑘2

𝜆
𝑁𝐴:

(03)

where k2 is another process factor of lithography.
In order to improve the resolution limit, projection lithography has been developed
with radiation of shorter wavelengths. Fig. 01 shows the trend in the wavelength of
radiation used to reduce the feature size [2010 Tallents]. The light production tool has
changed from conventional lamps and lasers to high temperature emitting plasmas. Gasdischarge lamps using mercury (Hg) produce radiation with a broad spectrum with several
strong peaks in the ultraviolet (UV) range. From the early 1960s through the mid-1980s,
Hg lamps have been used in lithography for their spectral lines at 436 nm (g-line), 405 nm
(h-line) and 365 nm (i-line) for resolution down to 200 nm.
Excimer lasers were used after the i-line lithography had reached the resolution limit.
Krypton fluoride (KrF) laser with wavelength of 248 nm and argon fluoride (ArF) laser
with the wavelength at 193 nm are used in consecutive order. The F2 laser with wavelength
of 157 nm was not suitable to follow the KrF laser owing to several optical issues. Instead,
the ArF 193 nm immersion lithography is used, which can reduce the resolution by
increasing NA. Recently, extreme ultraviolet (EUV) systems have been considered as a
follow up to ArF immersion lithography for the next step.
Maskless lithography
Maskless lithography is used to fabricate masks for mask-based lithography such as contact,
proximity, projection, and Talbot lithography. In maskless lithography, the radiation is
focused to a narrow beam. The beam writes the image onto the photoresist directly.
Maskless lithography includes electron beam (e-beam) lithography, direct laser writing
(DLW), focused ion beam (FIB), dip-pen nanolithography, and multi-beam interference
lithography. Non-photon/non-particle based maskless lithography includes nanoimprint
lithography (NIL), or directed self-assembly (DSA).
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Fig. 01 Lithography trend showing the improvement of resolution by reducing the wavelength of
the light over the past and future [2010 Tallents]
X-ray lithography
At the end of the XXth century, one of the most promising alternatives was x-ray
proximity lithography using wavelengths below 1 nm [1997 Cerrina]. With this short
wavelength, the influence of the diffraction limit on resolution is negligible and highresolution patterns are possible. Further reduction of the wavelength was found to be
ineffective due to increased photoelectron blur in photoresist [1993 Guo, 1995 Okazaki].
Unfortunately, with this method, no demagnification with lenses is possible, and mask to
wafer distance should be kept at sub-µm level in order to achieve sub-30 nm resolution.
Due to these strong challenges and rapid development of the immersion lithography, this
technology has not progressed past the pre-production state. However, during the last
decade, it was shown that it is possible to improve resolution of the proximity printing
utilizing Fresnel diffraction of short wavelength radiation [1999 Vladimirsky]. This allows
the achievement of sub-30 nm resolution with mask to wafer gap reaching 30 µm, which is
much more feasible in an industrial environment.
EUV Lithography
Despite numerous forecasts claiming that optical lithography will soon hit its limit, the
industry so far successfully managed to overcome apparent barriers by continuous

4
reduction of wavelength of the radiation, increase of the numerical aperture (NA) of
lithography systems, and implementation of multiple patterning techniques.

Fig. 02 Industry roadmap towards sub 10 nm resolution [2013 Peeters]
The next step in the development history of the optical lithography is a radical
reduction of the wavelength from current 193 nm to 13.5 nm, which should enable scaling
below 10 nm half-pitch levels [2013 ITRS]. This radiation lies in the so-called extreme
ultraviolet (EUV) wavelength range, where photon energy is significantly higher and, as a
consequence, the interaction mechanisms between light and matter differ from well-studied
ultraviolet radiation [2010 Tallents, 2010 Wagner]. Fig. 02 shows the presentation of the
industry roadmap towards sub 10 nm resolution with EUV technology [2013 Peeters].
Beyond the technical challenges which are induced by the wavelength change, such as
development of high power radiation sources and high efficiency optical systems and
defect-free masks, a major hurdle for reaching sub 10 nm resolution is the need to develop
resists that would demonstrate simultaneously high-resolution, low line-edge roughness and
high sensitivity [2008 Gallatin].
EUV-IL
To support the development of EUV lithography, EUV interference lithography (EUV-IL)
is very useful method. In contrast to usual exposure tools, where the resulting aerial image
is a demagnified image of a mask and strongly influenced by mask defects and errors in the
optical system, in EUV-IL the whole area of the mask contributes to every point in the
aerial image, enabling predictable intensity profiles. This allows for investigation of pure
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resist properties all the way down to a quarter of the illumination wavelength, well into the
sub 10 nm region.
Typical parameters of nanofabrication methods
It is important to use the proper technique for the specific purpose because most of
techniques have their own advantages and disadvantages among other techniques. For
example, e-beam lithography is useful for precise single device fabrication and projection
lithography is proper for high volume manufacturing. IL has an advantage in production of
periodic structures over a large area. It requires only simple optical devices to achieve highdensity structures on photoresists. The following table roughly compares the advantages
and disadvantages of popular nanofabrication techniques. The comparison is made with
regards to the following parameters including: 1st Shaping – the method can print complex
structures or only simple periodic patterns, 2nd Throughput – method prints large field in a
single exposure for the high volume manufacturing (HVM), 3rd Resolution – pitch of
patterns or density of structures, 4th Material – the method can print on variable materials
or only on photoresists, 5th Usability – the method is easy to utilize, 6th Maskless – the
method can write the feature itself or support of master objects required, e.g. photomask.
ebeam
Litho

FIB

UV
DLW

coherent
EUV-IL

plasma
EUV-IL

nanoimprint

EUVL

Shaping

J

J

J

K

L

J

J

Throughput

L

L

K

K

K

J

J

Resolution

50 nm

10 nm

10 µm

10 nm

50 nm

20 nm

10 nm

Material

K

J

J

K

K

K

K

Usability

K

J

J

K

J

J

L

Maskless

J

J

J

K

K

L

K

Table 01 Strengths and weaknesses of nanofabrication methods for IL: Resolution is roughly
estimated. (*DLW: direct laser writing)
Motivation and scope
In photolithography, increasing pattern density is a key issue for improving performance of
semiconductor devices. Utilizing extreme ultraviolet (EUV) radiation is the next step to
overcome the resolution limit of conventional photolithography in order to obtain patterns
of higher density. This thesis focuses on investigating optical properties and resolution
limits of interference patterns produced by EUV radiation.
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Rigorous simulations of optical wave propagation of EUV radiation are performed to
investigate the resolution limits of interference fringes for the fractional Talbot effect, the
achromatic Talbot effect, and the image of Talbot carpet that has an optical property of
ever-decreasing size of interference fringes.
In experimental demonstration, interference lithography is demonstrated utilizing three
different types of compact EUV sources. The 1st one is a Xenon gas discharge plasma
(DPP) generating light of wavelength at around 11 nm. The 2nd one is a highly coherent
EUV source of wavelength at 46.9 nm generated by a capillary discharge Ne-like Ar laser.
The 3rd one is a short pulse EUV source of wavelength at 29 nm, generated by a highharmonic generation (HHG). We analyze optical characteristics of particular EUV sources
resulting in different capabilities.
Particular optical designs of interference lithography capable of overcoming the
limitations of optical properties of particular EUV radiation are investigated. Contact
lithography, proximity lithography, and quasi-monochromatic Talbot lithography are
demonstrated with a DPP source having quasi-broadband EUV spectrum. Coherent
Talbot lithography is demonstrated with the EUV laser for fractional Talbot effect. And
Lloyd’s mirror interference lithography is demonstrated with the HHG source. Also
transmission mask fabrication techniques for mask based Talbot lithography are
demonstrated in experimental demonstrations.
We expect that interference lithography can be useful for fabricating very fine structures
in order to meet current and future requirements of lithography trends.

Chapter 1

EUV Radiation for Interference Lithography
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1.1 THEORETICAL REVIEW: OPTICAL PROPERTIES OF
EUV LIGHT

Extreme ultraviolet light
The extreme ultraviolet (EUV or XUV) is an optical region of the electromagnetic
spectrum in the wavelength range from around 5 nm to 50 nm, with corresponding photon
energy§ from around 25 eV to 250 eV (Fig. 1.1.1). EUV light is highly absorbed by most
states of matter including gas, solid, liquid, and plasma, requiring a vacuum environment in
the whole optical system [1999 Attwood].

Fig. 1.1.1 The optical region of the electromagnetic spectrum
Due to its strong interaction with matter and its short-wavelength nature, EUV radiation is
used for applications of high-resolution imaging or photolithography.
The index of refraction
The complex refractive index slightly deviates from unity in the EUV range; the form “1-

d+ib ” is commonly used instead of the traditional form “n+ib ” as shown in the following
equation:
𝑛 = 𝑛 + 𝑖𝛽 = 1 − 𝛿 + 𝑖𝛽

(1.1.1)

where the real part is associated with the phase velocity, and the imaginary part is the
extinction coefficient that determines attenuation, which is associated with the amount of
intensity attenuation when electromagnetic wave propagates through matters. The δ and β

§

ℏ𝜔 ∙ 𝜆 = ℎ𝑐 = 1239.842 𝑒𝑉 𝑛𝑚, 1 𝐽 = 5.034×10NO 𝜆 𝑛𝑚 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
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can be derived from the complex atomic scattering factor, f 0(ω)** [1999 Attwood], and are
given by:
𝛿=

𝑛S 𝑟U ∙ 𝜆: X
∙ 𝑓N (𝜔)
2𝜋

𝑛S 𝑟U ∙ 𝜆: X
𝛽=
∙ 𝑓: (𝜔)
2𝜋

(1.1.2)

where na is the atomic number density (atoms per unit volume), re is the classical electron
radius. The complex atomic scattering factors can be found in [1993 Henke].
The refractive index strongly depends on the frequency of electromagnetic wave near
the natural resonant frequencies of the electron’s oscillation (ωs) in extreme ultraviolet
range. The refractive index is used for the diffraction image calculation, e.g. of diffraction
grating masks composed of multiple thin layers of membrane or absorbers.

**

The complex atomic scattering factor: f0(ω) = f10(ω) + if20(ω)
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Attenuation length of solid layers
For the fabrication of transmission masks, the material can be chosen in consideration of
attenuation length at particular wavelength of light, see Fig. 1.1.2. The typical binary
amplitude transmission mask is efficient when absorber part blocks and substrate transmits
more light, whereas a phase shift mask requires higher light transmission. For example,
using radiation with wavelength around 29 nm, materials with attenuation length of below
10 nm such as gold (Au), tungsten (W), and niobium (Nb) are good candidates as an
absorber. And for the substrate of the mask, Si with thickness of 100 nm is a good
candidate.

Fig. 1.1.2 Absorption in solids for EUV and soft x-rays [1993 Henke]
Reflectivity of thick mirrors
In the EUV range, reflectivity is very low for grazing incidence angles higher than 30
degrees for all materials. Therefore, the wavelength range is very narrow for choosing
suitable materials for optical components such as mirrors, membranes, and absorbers. Fig.
1.1.3 plots the reflectivity of a thick mirror for several materials as a function of grazing
angle with s-polarized light of around 29 nm wavelength.

Ch. 1 EUV Radiation for Interference Lithography
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Fig. 1.1.3 The reflectivity of a thick mirror for radiation with wavelength at 29 nm, which depends
on angle and materials, calculated using optical constants [1993 Henke]. (Note that Beryllium (Be) is
highly toxic.)††
Coherence of EUV radiations
Table-top EUV sources differ in their beam characteristics from each other. One of the
key characteristics for the successful demonstration of interference lithography is
coherence of radiation. The dictionary defines coherence as the quality of being wellorganized and consistent, or the quality of forming a unified whole. In optics, coherence of
light is defined as the degree of the correlation between states of phases. Interference
fringes can be formed when the phases of two electromagnetic waves are stationary over
time. The degree of coherence can be determined from the visibility of interference fringes.
Coherence has to be considered both in space and in time, which are called spatial and
temporal coherence respectively.
In the direction of propagation, temporal (longitudinal) coherence describes
sustainability of phase relationships. One can define a coherence length as the distance that
the wave of wavelength λ travels in phase correlation with the spectrally shifted wave,
λ+Δλ [1999 Attwood]:

††

Nanomaterial environmental, health, and safety research should be communicated efficiently to
the government, regulatory or industrial decision making process through peer reviewed
publications, workshops and conferences. [2014 Seal]
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𝑙Z[\ = 𝑁𝜆 =

𝜆:
2𝛥𝜆

(1.1.3)

A large number of waves, N=λ/(2Δλ) travelling coherently, is obtained by the narrow
spectral width (Δλ).
Spatial (transverse) coherence is related to the finite source size and divergence of the
radiation. In this case, phase correlation in planes orthogonal to the direction of
propagation is described. Full spatial coherence can be obtained by a spherical wave-front
generated from a point source. We can obtain a simple estimation based on Heisenberg’s
uncertainty principle, ∆x.∆p ≥ ħ/2, where ∆x and ∆p are the uncertainties in position and
in momentum respectively. For small angles, ∆p = ħk∆θ, where ∆θ is transverse to k. And
the estimation is given by:
𝑑 ∙ 𝜃 = 𝜆/2𝜋

(1.1.4)

where d is a Gaussian beam 1/ 𝑒 diameter (~0.6) and θ is the Gaussian beam half angle
[1985 Attwood]. One prefers to introduce spatial coherence length rather than angle, θ. If
the condition of ltransverse ~ z.θ is satisfied, where z is the distance between an observer and
the source, the coherence length is given by:
𝑙`aSbcdUacU =

𝑧𝜆
2𝜋𝑑

(1.1.5)

All sources generate radiation of space-angle product larger than this [1999 Attwood].
Largely incoherent radiation is often spatially and spectrally filtered for applications that
required a high degree of coherence. A pinhole or a slit filter is used to obtain spatially
coherent radiation and to remove aberrations of optical components. A color filter is used
to attenuate unwanted wavelengths, thus providing temporally coherent radiation. The
complex degree of coherence of spatially incoherent radiation is described by the van
Cittert-Zernike theorem that the propagation of a wave of a finite sized source to the
image plane is considered precisely to estimate spatial coherence [2003 Wolf, Appendix].

Ch. 1 EUV Radiation for Interference Lithography

13

1.2 COMPACT EUV SOURCES

Compact-size sources generating EUV light are summarized in this section. Large-scale
electron accelerating facilities such as synchrotrons, free electron lasers (FEL) are out of
the scope in this thesis. Instead, we consider three different types of compact EUV sources
including a plasma-based source, a plasma-based laser source, and a high harmonics source.
We expect that sources generating with high-degree of coherence are required for
applications utilizing interference effects. When we determine the coherence of the source,
we have to consider the whole optical system of the source because there are techniques to
make the beam coherent.
At first, the coherence of the plasma pinch has to be taken into account. The hot-dense
plasma generates mostly broadband spectrum due to the various ionization states and their
exited transitions. Particularly, the atoms of high-z number emit EUV radiation with a large
number of ionization states and transitions resulting in a broadband spectrum. However,
for atoms of low-z number the spectrum is characterized rather by line emission than a
broad continuum. A plasma based EUV laser emits radiation with high degree of
coherence. The coherence properties of EUV radiation generated by a high harmonics
generation source depend on the optical properties of incident laser. Both the coherent and
partially coherent illumination can be used for interference lithography depending on
various techniques.
Plasma based EUV sources
A plasma is a gas that has been ionized. Plasma emits radiation widely from the deep UV
(DUV) to visible, e.g., the low-pressure gas discharge lamps such as the fluorescent tube, or
high-pressure lamps such as the xenon arc lamp. Hot-dense plasmas composed of multicharged ions and electrons are able to emit radiation with high photon energies up to EUV
and soft X-ray range. The light emission from plasma consists of a broad continuum and
narrow emission lines as shown in Fig 1.2.1 [1999 Attwood]. A broad continuum is given
by free electrons accelerated by ions (bremsstrahlung) and recombination between ions and
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free electrons. Narrow line emission is given by bound-bound transitions in the ions of
various charge states (L-shell, K-shell, M-shell…)‡‡. The emitted radiating power (PRad) of a
plasma contains contributions of bremsstrahlung radiation (PBr), recombination radiation
(PRec), and line radiation (PLine):
PRadiation = PLine + PRecombination + PBremsstrahlung

(1.2.1)

Two basic methods to obtain the hot-dense plasma that can emit EUV radiation
include a laser-produced plasma (LPP) and a discharge-produced plasma (DPP). Xenon
and Tin are widely used as target materials (fuel) for both methods.

Fig. 1.2.1 Line and continuum radiation from a hot dense plasma. Highly ionized ions with outershell transitions in XUV [1999 Atwood]
The laser-produced plasma (LPP) uses inverse Bremsstrahlung, which is the absorption
mechanism utilized to transfer energy from the incident laser to plasma. The target material
is heated and evaporated by the intense focused laser pulse resulting in plasma of optimum
density and temperature for emitting EUV radiation. The size of plasma from LPP is small
due to the focused laser beam, which leads to high brilliance of EUV radiation.

Bremsstrahlung (free-free transitions): Free electrons are accelerated in the Coulomb potential of
ions and emit radiation due to the accelerated movement.
‡‡

Recombination radiation (free-bound transitions): Free electrons are attracted by the coulomb
potential of the ions and recombine. The released bound energy is delivered to recombination
radiation.
Line radiation (bound-bound transitions): Bound electrons emit line radiation by transition from
upper to lower energy level. The wavelength of the emitted line radiation depends on the involved
exited levels and the ionization degree of the emitting atom.

Ch. 1 EUV Radiation for Interference Lithography
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Fig. 1.2.2 Plasma based EUV sources: (LPP) laser-produced plasma and (DPP) discharge-produced
plasma
The DPP operates with discharges of gases such as O2, N2 or Xe. A high voltage
(typically 1-10 kV) across two electrodes leads to an electrical breakdown in the lowpressure gas. The current between the two electrodes produces a magnetic field. The low
temperature plasma becomes gradually hotter by the magnetic pinching effect, where
pinching is the compression of ions and electrons (plasma) by the magnetic force (F). The
compression results in increase of density and temperature, where the plasma will be
populated by ions emitting EUV radiation. In Fig. 1.2.2, the basic schemes of the LPP and
the DPP are illustrated. The plasma is ionized up to around 11 times e.g. Xe11+. Fig. 1.2.3
plots the data of EUV spectra produced by the DPP source in the Fraunhofer institute for
laser technology with different gases. Broad continuum and line emission are seen, as
discussed [2009 Bergmann].
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Fig. 1.2.3 EUV Spectrum emitted by DPP with different gases
A capillary discharge EUV Laser
A laser is a device that uses stimulated emission to generate or amplify the radiation.
Stimulated emission is the process by which an incoming photon of a specific frequency
can interact with an excited atomic electron, causing it to drop to a lower energy level.
Lasing in the EUV spectral range is obtained in highly ionized plasmas that can be created
in a gas filled capillary discharge (e.g. argon) [1998 Benware, 1999 Macchietto]. Capillary
discharge plasma utilizes a several centimeters long capillary made of resistant material.
The discharge-pumped EUV laser benefits from the efficient deposition of electrical
energy into a plasma. The discharge plasma in the capillary is compressed by
electromagnetic force, resulting in a dense, narrow line plasma, in which lasing is generated
in transitions of Ne-like Ar ions (Ar8+). This laser operates at a wavelength of 46.9 nm and
the average power is around 1mW operating at repetition rate of up to 10 Hz [2006 Rocca].
The pulse duration of the beam is 1.2 – 1.8 ns. The narrow line-width of the spectrum,
Δλ/λ ≈ 3.5×10-5, corresponds to a coherence time of ~ 2 ps [1997 Marconi, 2001 Liu,
2012 Urbanski].
High Harmonic Source with a femtosecond laser
Atoms driven by the strong electric field of a laser can produce coherent harmonic
radiation. High-order harmonic generation (> 5 harmonics) in an atomic gas ionized by a
femtosecond laser pulse has been successful for generating coherent extreme-ultraviolet
radiation. The high harmonic generation source is a tunable EUV source synchronized
with the driving laser and produced with the same repetition rate. The pulse duration of the
envelope of the harmonics, and the spatial coherence are similar to those of the laser.
HHG can be explained with a three-step model describing the response of a single
atom in a strong laser field. The binding potential of the atom is suppressed by the linearly
polarized electric field allowing for an electron to tunnel out of the barrier. Then the free
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electron is accelerated away from the atom and back again by the electric field of the laser.
And the electron recombines with the ionized atom emitting radiation.

Fig. 1.2.4 Three step model of high harmonics generation process: (1) Tunneling, (2) Acceleration,
and (3) Recombination [2014 HZB]
The properties of high-harmonics depend on properties of driving laser. The breadth of
the harmonic spectrum extends to a cutoff harmonic at a photon energy equal to:
(ℏ𝜔)zS{ ≅ 𝐼~ + 3.2𝑈~

(1.2.2)

where IP is an ionization potential of atom, UP is the laser cycle-averaged kinetic energy of
the electron. UP is called ponderomotive potential for the laser field (E0) at frequency (ω0),
or for the laser field intensity (IL), and the classical electron radius (re):
𝑈~ =

𝑒 : 𝐸X:
= 2𝜋𝑐𝑟U 𝐼• /𝜔X:
4𝑚𝜔X:

(1.2.3)

A well-established HHG can be based on Ti:Sapphire chirped pulse amplifiers delivering
several-milli-Joule, femtosecond pulses (10-50 fs) with several kilohertz repetition rate with
the tunable incident laser of around 800 nm wavelength. The application to interference
lithography, which requires the field area around (50 µm)2 illuminated with the intensity of
more than a few µJ/cm2/pulse, can be realized [2011 G.-Jacob].

18

Fig. 1.2.5 Harmonic spectra generated in Ar gas with laser intensity of 5×1014 W/cm2 and for
various laser pulse chirps [1996 Zhou]
Typical parameters of compact EUV sources
The three different types of compact EUV sources have their own advantages with regard
to pulse energy, temporal-/spatial- coherence, pulse duration, divergence, or available
wavelength range. The following table consists of roughly estimated parameters of the LPP
(tin), the gas based DPP (xenon), the capillary discharge EUV laser (argon), and the gas-cell
based HHG source (argon).
Parameter
ØPLASMA

LPP
50-100 µm

DPP
100-500 µm

EUV Laser
100-200 µm

durationPULSE

0.1-50 ns

10-1000 ns

2 ns

20 µm

10 µm

300 µm

150 µm

Ω=2π/4π
0.1-1 J/pulse
10 kHz
50 kHz
~101@13.5 nm
(Sn droplet)

Ω=2π
1-10 J/pulse
2 kHz
40 kHz
~102@11 nm
(Xe/Ar)

1 mrad
50 µJ/pulse
4 Hz
10 Hz
~104@47 nm
(Ar, capillary)

1 mrad
1 µJ/pulse
1kHz
1MHz
~103@29 nm
(a harmonic)

LCOHERENCE
(at sample)
divergence
pulse energy
stable rep.rate
max. rep.rate
λ/Δλ

HHG
5-20 µm
20-100 fs/envelope
~0.3 fs/harmonic

Table. 1.2.1 Typical parameters of compact EUV sources (Note that parameters are only
approximated, and the values are design and application dependent.)
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2.1 EUV INTERFERENCE LITHOGRAPHY

2.1.1 INTRODUCTION
Interference lithography (IL) is a technique for patterning regular arrays of fine structures
over a large area. It is also called holographic lithography sharing the basic principle, which
is to record the interference pattern formed by two or more coherent light waves on a
photo-sensitive material. IL has been performed with radiation for a wide spectral region
including X-rays [1994 Wei], UV [2013 Wathuthanthri, 2015 Miyazaki], VUV (Vacuum-UV)
[1974 Bjorklund, 1989 Tatchyn], and recently EUV [1999 Solak]. The structure density of
the array is dependent on the wavelength. However, the attempts with X-rays are limited
due the edge blurring effect in the photoresist [1995 Okazaki]. Instead, EUV radiation is
utilized successfully and has demonstrated sub 20 nm resolution with an undulator source
(EUV-IL) [2015 Mojarad].
EUV-IL aims to fabricate sub 50 nm patterns depending on the source’s characteristics.
EUV-IL has been performed in several schemes such as IL with reflective beam splitters
[1999 Solak, 2007 Ritucci, 2007 Wachluak], IL with diffraction gratings, and IL with Talbot
effects [1996 Solak, 2015 Mojarad].
2.1.2 REVIEW OF TWO BEAM INTERFERENCE LITHOGRAPHY
The basic concept of two-beam interference lithography is illustrated in Fig. 2.1.1. The
interference fringes are obtained when the interaction of the reflected wave with the direct
wave alternates between constructive and destructive interference at an observation plane.
Two coherent plane waves with the transverse electromagnetic (TE) polarization are
incident on a photoresist layer. The two beams interfere during the pulse duration of each
pulse. When the pulse duration is in the range of nanoseconds to picoseconds, a quasicontinues wave (CW) approximation is applied for the micro-scale field of interference area.
If the radiation has pulse duration below 100 fs, precise arrangements are required in the
demonstration of interference lithography.
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Fig. 2.1.1 Schematic of the two beams interference lithography with pulsed beams
The pitch (period) of the interference fringes is dependent on the angle between two
beams of the monochromatic radiation:
pitch = λ / 2 sin(θ1+ θ2)

(2.1.1)

where the θ1 is a half-angle of direct beam, and θ2 is a half-angle of reflected beam both
from normal angle of photoresist plane§§. The minimum pitch is a half of the wavelength in
theory. The number of pitches (N) is limited by temporal coherence of the incident beam
given by:
N ≤ λ/Δλ

(2.1.2)

owing to the phase delay of a wave interacting with another wave. In the case of the
Llyod’s mirror scheme, the reflected wave is delayed compared to the direct wave. In the
case of a symmetric two beam interference scheme from a point source, the phase will be
delayed as a function of the distance from the center of interference area.
The intensity profile of the interference fringes with the two partially coherent light
beams is given by as following:
𝐼 = 𝐼N + 𝐼: + 2 𝐼N 𝐼: ∙ 𝑅𝑒 𝛾N: (𝜏)

(2.1.3)

where I1 and I2 are the irradiances of two electric fields respectively. γ12(τ) is interference
term, where the τ is the time difference of two optical paths. τ = (s1-s2)/c, where the s1 and

§§

θ is a half-angle between two wave beams, or θ = θ1+ θ2
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s2 are the light paths from two points, and c is the velocity of light in vacuum. γ12(τ) is
called the degree of partial coherence [1957 Thompson]. The formula (2.1.3) is the general
interference law for stationary optical fields [2003 Born, Max]. The significance of γ12(τ)
may best be seen by expressing (2.1.3) in a somewhat different form as following [2003
Born, Max].
𝐼 = 𝐼N + 𝐼: + 2 𝐼N 𝐼: ∙ 𝛾N: (𝜏) ∙ cos[𝛼N: 𝜏 − 𝛿]

(2.1.4)

where the phase difference d has the value of 2pn¢t = 2p(s2-s1)/l¢, where n¢ and l¢ are the
mean frequency and mean wavelength of the quasi-monochromatic light source
respectively***.
The degree of coherence can be measured by the visibility of interference [1974 Fowles].
𝛾N: = 1

: coherent completely

0 < 𝛾N: < 1

: coherent partially

0 = 𝛾N:

: completely incoherent

(2.1.5)

The appearance of fringes is limited by the degree of coherence. It is expressed with the
visibility of interference fringes given by:
𝑉=

𝐼zS{ − 𝐼z•b 2 𝐼N 𝐼: 𝛾N:
=
𝐼zS{ + 𝐼z•b
𝐼N + 𝐼:

(2.1.6)

In interference lithography particularly, visibility of fringes can be obtained from results of
response of photoresist. The depth of grooves is dependent on exposure energy (mJ/cm2).
With partially coherent light, the groove is gradually reduced as a function of the first
Bessel function given by Van cittert and Zernike theorem [Appendix].
2.1.3 RESOLUTION OF EUV INTERFERENCE LITHOGRAPHY
The minimum pitch achievable within a single exposure is a half of the wavelength. With a
193 nm ArF excimer laser source, the resolution is limited to ~ 96 nm. The use of a
suitable fluid, e.g. water, between the imaging object and the wafer allows for an
improvement of the optical resolution by a factor of the refractive index of the immersion

***

𝛾N: 𝜏 = 𝛾N: (𝜏) ∙ 𝑒 •[••‘

’ “:”•–’]

, where 𝛼N: (𝜏) = 2𝜋𝜈 – 𝜏 + arg [𝛾N: (𝜏)]
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fluid. With a 193 nm excimer laser and H20 immersion (n = 1.44), the limiting dimension is
reduced to the pitch of ~64 nm. At shorter wavelengths in UV, e.g. 157 nm (F2 excimer
laser), CaF2 optics, water immersion technique and atmospheric air environment cannot be
used anymore due to the high absorption. Thus, ArF immersion lithography is the latest
lithography technology using refractive optics. However, there are alternative techniques to
overcome the resolution limit of ArF immersion lithography such as multiple exposures
with lateral shift (double patterning). This method requires precise control of an overlay to
repeat the following exposures [2005 Brueck].
Resolution limit of EUV Interference Lithography
One way to print out the pattern below pitch = 20 nm is to use radiation in the EUV
spectral range. The immersion or multiple exposure techniques are not required to achieve
such a high resolution pattern. However, EUV interference lithography is limited by
several conditions of system. The efficiency of the EUV beam splitter is very low in
comparison to the visible (prism) or UV beam splitters (glass plate and mirror). In the case
of UV-IL, there is no significant loss of intensity, so the flexible arrangement of multiplebeams on the target plane is possible. In contrast, EUV-IL operates only in high-vacuum
chamber and no such beam-splitter without intensity loss exists. Also achieving highreflectivity at high angle on the mirror is very limited. Nevertheless, EUV-IL can enable
printing with the better resolution than other ILs techniques with the X-ray or the UV
radiation due to the short-wavelength nature comparing to UV radiation and low photon
blurring effect comparing to X-ray [1995 Okazaki].

Resolution limit (nm)

10

Resolution limit
: 6nm
E : 206eV

8
6
4
2
0

5

15 25 35 45 55 65 75 85
Angle (Degree)

Fig. 2.1.2 The resolution of IL: The resolution curve for the angle of 45o as a function of the
wavelength (left) and the resolution curve for the light wavelength of 6 nm as a function of the
angle (right). The photoelectron scattering curve is dependent on the type of photoresist.
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The resolution limit of EUV-IL at an angle of 45o (as an example) as a function of the
wavelength is plotted in Fig 2.1.2 (L). The resolution limit is in the range of the photon
energy yielding the photoelectron scattering (resist blur) around 1 nm†††. The resolution
down to around 3 – 4 nm is seen in the parabolic curve in the figure (Fig. 2.1.2 L). The
resolution with the wavelength of 6 nm as a function of the incident angle is plotted in Fig.
2.1.2 (R). The photoelectron scattering is negligible at this photon energy. The resolution
limit is at around 4 nm with the angle of around 50o.

†††

The data of photoelectron scattering blur in X-ray and soft X-ray range in Fig. 2.1.2 is from the
data of X-ray scattering blur in [1995 Okazaki]. The secondary electron blur has to be considered
in addition to the photoelectron scattering blur in order to obtain more precise resolution result
[2009 Lee].
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2.2 LLOYD’S MIRROR INTERFERENCE LITHOGRAPHY

Lloyd’s mirror interference lithography with the EUV
radiation from a high-harmonic source
In this chapter, we demonstrate interference lithography using a highharmonic source. The benefits of using a high-harmonic source
include increased range of extreme ultraviolet (EUV) wavelengths
and the use of much shorter pulses and the exploration of the role of
peak power as well as illumination energy. EUV radiation is produced
by high-harmonic generation with 800 nm light from a femtosecond
Ti:Sapphire laser (40 fs pulses, 1 kHz, 2 W average power) in an
argon gas-cell. Interference patterns created using a Lloyd’s mirror
setup and monochromatized radiation at the 27th harmonic (29nm)
are recorded using a ZEP-520A photoresist, producing features with
pitch of < 200 nm. The effect of the use of femtosecond pulsed
EUV radiation on the recorded pattern is investigated. The capability
of the high-harmonic source for high-resolution patterning is
discussed.
2.2.1 INTRODUCTION
Extreme ultraviolet (EUV) interference lithography (IL) is a powerful method of
fabricating a high-resolution pattern over a large area without a complex imaging system.
The main requirement for EUV-IL is high intensity coherent plane wave illumination in
order to deliver a sufficient exposure dose to the photoresist plane. A particular issue is the
availability of appropriate optical components such as beam splitters and reflective or
spectrally filtering mirrors for the particular optical wavelength used. Those components
can be obtained easily in the case of using radiation in the spectral range over deep
ultraviolet, ultraviolet, and IR lasers where refractive optical elements are available. [2005
Brueck, 2013 Wathuthanthri, 2015 Miyazaki]
When using EUV or soft X-ray radiation, different strategies to split and recombine
parallel beams have been demonstrated such as those using a reflective beam splitter [1999
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Solak, 2007 Ritucci, 2007 Wachulak, 2009 Zuppella] or multiple diffraction gratings [2006
Solak, 2014 Mojarad]. These demonstrations were performed with both a synchrotron
radiation source and a plasma based EUV laser. In the demonstration performed using
synchrotron radiation, the monochromatized and spatially filtered light at a wavelength of
13.5 nm from an undulator provided the necessary temporal and spatial coherence with
sufficient intensity flux [1999 Solak]. The plasma based EUV laser is also a suitable
radiation source for IL as it was demonstrated using a compact Ne-like Ar capillary
discharge laser at wavelength of 46.9 nm producing an EUV radiation of around 0.2 mJ
with a maximum repetition rate of several Hz (< 10) [2007 Wachulak].
Interference lithography has also been performed in the UV and IR spectral ranges with
femtosecond pulsed lasers [2015 Miyazaki, 2001 Kondo, 2004 Nakata]. The second
harmonic of femtosecond pulses (380 nm, 80 fs, 82 MHz) was split by a diffractive beam
splitter and overlapped with two lenses [2001 Kondo]. A femtosecond laser pulse (800 nm,
90 fs) was used for lithographical laser ablation to fabricate a homogeneous metal
nanograting [2015 Miyazaki, 2004 Nakata]. The EUV-IL demonstrations using a
synchrotron radiation source and a plasma-based EUV laser have used radiation with a
pulse duration of around 1-2 ns. The effect of high-density ionization using ultra-short
EUV pulses generated by a free electron laser (FEL) on the sensitivity of a non-chemically
amplified resist was investigated [2012 Okamoto]. It was shown that multiple reactions
with ultrahigh-brightness pulses provided by EUV-FEL radiation changes the sensitivity of
the resist.
High-harmonic generation (HHG) provides coherent radiation in a wide EUV spectral
range (10-40 nm) with emission peaks at the odd harmonics of the driving laser field ω.
The degree of temporal coherence of each individual peak is on the order of Δλ/λ ~ 10-3.
The spatial coherence length depends on the HHG phase-matching process in the gas-cell-based high-harmonic source. The high spatial coherence and low divergence of the HHG
beam were already presented [1996 Zhou, 2002 Bartels].
In this work, we demonstrate Lloyd’s mirror IL with EUV radiation generated by a
HHG source. The demonstration was performed with a monochromatized radiation
centered at a wavelength of around 29 nm, and small angle in the Lloyd’s mirror allows us
to achieve fringes with sub-200 nm pitches. We analyze the expected optical properties of
the interference fringes in the photoresist.

Ch.2 Reflective Interference Lithography

27

2.2.2 METHODOLOGY
Interference fringe
The interference fringes are formed owing to the constructive and the destructive
interferences between the split beams of the reflected wave and the direct wave in the
Lloyd’s mirror arrangement (Fig 2.2.1.). The period (pitch) of the interference fringes,
which is determined by the angle between two beams, is given by:
pitch = λ / [2 sin(θ)]

(2.2.1)

where the θ is the half-angle between two interfering waves. The number of pitches (N) in
the interference field in this demonstration is estimated to N = λ/Δλ ≈ 250 approximately.
Lloyd’s mirror arrangement is a special case of two beams interference set-up with the
scheme that the reflected wave is delayed compared to the direct wave.

Fig. 2.2.1 Schematic of the Lloyd mirror IL with a focusing beam: reflected and direct beams having
different optical paths (d) and arrival times (t) are illustrated. The angle of the mirror is θ from
normal. The visibility of fringes decreases away from the edge owing to the optical path difference
between two short pulses
Fig. 2.2.1 illustrates the Lloyd’s mirror IL set-up of the experiment. The divergence of
the EUV beam after the gas cell is around 1-2 mrad, and after the spherical mirror, it is
around 5-15 mrad in Fig. 2.2.4. In the analysis, we assume that the incidence angle of the
direct beam is approximated to a normal angle, and the angle of the reflected beam is
approximated to be twice the mirror’s angle (2θ). In the Lloyd’s mirror system, a reflective
mirror splits part of the incident beam, and redirects the reflected part to generate a second
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beam. During this separation, an optical path difference (OPD) between two beams occurs.
Using fs-pulsed radiation, the OPD has to be controlled in the range of only a few
micrometers. The fringe profile visibility‡‡‡ decreases away from the edge (the line shared
by the photoresist and mirror planes) owing to the increase in OPD.
Interference with short-pulsed EUV radiation
The OPD yields time delay for the reflected beam arriving at the target plane. It is
approximately L-h, as illustrated in Fig. 2.2.1, and increases with the angle (θ). In the
photoresist plane, the delay increases proportionally with the distance (x in Fig. 2.2.1) from
the edge. The field length of the fringe along the x-direction is estimated to be
{OPD×[tan(2θ)–tan(θ)]/[1/cos(2θ)-1]} from a geometrical approximation. The time
difference between two pulses is OPD/c (c: speed of light in vacuum), which must not
exceed the pulse duration, L-h = OPD < pulse duration × c. The temporal overlap of two
pulses, which determines the interference term, decreases with the OPD. Also the
interference region depends on the angle θ and pulse duration. A rapid reduction in
visibility is predicted when θ > 15°.

Fig. 2.2.2 The scheme of the interference of two
pulsed beams
In Fig. 2.2.2, the situation of interference of two pulsed beams is illustrated. The possibility
of interference between two beams depends on the pulse duration and the lateral size of
two beams.

‡‡‡

In the lithographic performance, fringe visibility depends on the response of photoresist to
photons. The depth of radiation-induced grooves depends on the fluence (mJ/cm2).
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Fig. 2.2.3 Angle dependency of interference region (left axis) for certain pulse durations (15-45 fs)
and period of pattern (right axis, red solid line): The inset image is the reflectivity of Silicon mirror as
function of the angle with photon energy of 43 eV.
With EUV radiation, the interference region (x) is also affected by the mirror’s reflectivity.
The maximum angle is limited to around 20° with a thick Si mirror for radiation with a
wavelength of 29 nm. Fig. 2.2.3 plots the interference area (distance from edge) depending
on the pulse duration as a function of the angle of the mirror in the Lloyd’s mirror
interference scheme. We use a Si mirror at θ ≈ 3-4°, providing reflectivity of ~95 % for the
EUV wavelengths used in this demonstration as shown in inset image in Fig. 2.2.3.
2.2.3 EXPERIMENTAL DEMONSTRATION

Fig. 2.2.4 HHG and Lloyd mirror interference lithography setup: the laser is s-polarized: the inset
image plots the spectrum after the ML with the CCD image of the beam spot. The monochromatic
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EUV wave after the ML filter illuminates the Lloyd mirror scheme and photoresist at 6 cm away
from the focus of ML.
Our experimental setup is illustrated in Fig. 2.2.4. We use HHG system based on
Ti:Sapphire laser (800 nm, 40 fs) amplified by a regenerative chirped pulsed amplifier
(CPA). The laser beam (1014 W/cm2 at the gas cell position, 1.8 mJ/pulse, 1 kHz repetition
rate) is focused into a 3-mm-long gas cell filled with argon gas at 60 mbar. The strong Efield has a pulse duration of around 40 fs. A single Al foil (200 nm thickness) is used to
block the fundamental laser and transmit the EUV radiation about 30 %. Then, in order to
suppress the unwanted EUV spectral range, the beam is spectrally filtered by a curved
B4C/Si multilayer (ML) mirror, which reflects and focuses the main wavelength at ~ 29 nm
(27th harmonic, Δλ/λ ~ 4×10-3) and ±1 harmonics from the main wavelength with very
low intensity. The spectrum after the ML mirror is shown in the inset image in Fig. 2.2.4.
The Gaussian-shaped illumination profile measured using an EUV-sensitive CCD camera
(Andor DX-434, 1024×1024 pixels) is shown in the inset CCD image in Fig. 2.2.4. The
estimated photon flux is ~1.86×109 photons/s in the whole area of the spot. §§§
Exposure test
Before performing the IL, we conducted exposure tests for a photoresist sample. We used
a positive-tone photoresist (dilution ratio: ZEP-520A:Anisole=1:3). The photoresist (resist)
was spin coated (5000 rpm, 1 min.) on a silicon wafer for the target thickness of ~ 4060 nm and baked for 2 min at 180 °C on a hotplate. In the setup (vacuum chamber), the
photoresist-coated wafer was mounted perpendicularly to the beam. The exposure time
was varied from 0.5 to 15 s at several positions between ±5 mm from the EUV focus in
order to record the cross-sectional profile of the beam. After the exposure, the wafer was
developed with ZED N50 for 90 s and rinsed with 2-propanol for 30 s. The obtained
result was investigated with an optical microscope (Nikon-Eclipse-L200) to measure the

§§§

The number of photons per second is determined by: 𝑁š\/c =

›œœ• ∙ž
Ÿ ¡ ∙(¢£¤ /¥.¦O U§)∙`¨©£

, where SCCD:

counted signal on the CCD, σ: CCD sensitivity in electrons per count, ηQE: quantum efficiency of
the CCD, Eph: photon energy, and texp: exposure time, (σ: 2, ηQE: 0.3, Eph: 43 eV, texp: 0.05 s, SCCD =
1.6*108).
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intensity profile of the beam (Fig. 2.2.5). It was analyzed in terms of the dependence of the
removed resist thickness on the radiant fluence (exposure dose), which is related to the
lithographic sensitivity of the photoresist with the EUV radiation. The thickness
dependence of the removed photoresist (depth from the surface) on fluence is plotted in
Fig. 2.2.6.

Fig. 2.2.5 Optical microscopy image of the ZEP photoresist exposed by the monochromatic EUV
radiation
ZEP-520A is a positive-tone photoresist, which is a modern alternative to PMMA,
based on the co-polymer compound (Zeon Corp.). The molecular mechanisms of ZEP520A are not entirely understood yet [2011 Koshelev].
The photoresist processing is separated into exposure and development. Typical
positive photoresists are composed of a photoactive compound, a base resin, and a suitable
organic solvent system. The base resin, which is soluble with developers, is protected by
the photoactive compound (inhibitor). The radiant energy delinks the inhibitor from the
resin and results in an increased photoresist dissolution rate. Thus, exposure wavelength
(photon energy) is an important parameter of resist sensitivity [1975 Dill].
There are two issues with the use of short-pulse radiation in Lloyd’s mirror IL. The first
one is the arrangement for interference, as discussed. The other issue is the interaction
between the resist and the short-pulse radiation. The EUV pulse length from HHG
sources is on the order of femtosecond duration. This is very different from the plasmabased EUV radiation, which typically yields nanosecond pulses, and is a quasi-CW
(continuum wave) on the timescale of the exposure process.
The probability of delink decreases with increasing flux density at an identical exposure
dose. The single photon breaks the cross-link within a particular radical distance, which is
the effective range of the reaction between a photon and the photoresist [2012 Okamoto].
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The spatiotemporal overlap of photons reduces the effectiveness, while the high radical
concentration enhances local delinks. The use of short-pulse (high-density flux) enhances
competing effects resulting in different exposure sensitivities. It might be interesting to
compare our result with that from the plasma-based sources or synchrotron radiation in
the future. The dependence of exposure results on pulse duration should be explored more.

Fig. 2.2.6 Depth of removed photoresist depending on the
exposure dose

2.2.4 RESULT AND DISCUSSION
The Lloyd’s mirror IL was performed with the photoresist prepared as described
previously. The ZEP-520A coated wafer was mounted on a nano-precision piezo stage
(SmarAct - SLC-1730) at the normal angle to the beam path. The photoresist plane was
located at the z-position around z = +6 mm (toward photoresist) from the focal plane of
the ML, which is an optimized location for sufficient exposure conditions of the field size
of the beam (~200×50 µm) and the exposure time. The exposure time was ~9 s. After the
exposure, the photoresist was developed with ZED N50 for 90 s and rinsed with 2Propanol for 30 s. The resulting patterns were analyzed by atomic force microscope (AFM,
Brucker).

Fig. 2.2.7 (a) AFM image of the patterned photoresist, (b) thickness profile showing a half-period of
99 nm, and (c) groove depth along x-axis.
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The resulting AFM image in Fig. 2.2.7 (a) shows a pattern with period of 198 nm with
corresponding mirror’s angle of 4.2°. Fig. 2.2.7 (b) is the cross-section of the (a). The
groove depth (Δd) along the x-axis is measured and plotted in Fig. 2.2.7 (c), and clearly
drops as a function of distance from the mirror edge. There are several reasons for the
drop. Firstly, the transverse intensity profile of the Gaussian beam drops away from the
edge, where the right half is flipped over the mirror with a reflection of ~95 % in Lloyd’s
mirror scheme. Secondly, the time delay between the reflected and direct beams increases
away from the edge. As the interfering time decreases, the degree of mutual coherence
decreases resulting in the drop of fringe visibility. The Fig. 2.2.8 shows the interference
fringes with shifted positions of the beam against the Lloyd’s mirror. The pitch is slightly
changing with the shifted positions owing to the slightly different angle between the direct
and reflected beams from both the different positions of the beam against the mirror and
the divergence of the beam.

Fig. 2.2.8 Optical microscope image of the photoresist after development: The two beams (direct
and reflected beams) are seen at each exposure. The areas of two beams are changing because the
wafer stage was moving horizontally for individual exposures, a-e. Geometry of beam paths is
illustrated in case of both (a-b) and (d-e).
In the photoresist, the depth (d) after the lithographic process can be derived as d=[1–
exp(-αIt)]D, where α is the lithographic factor related to resist sensitivity, t is the exposure
time, and D is the initial thickness of the photoresist. Then, the groove depth can be given
by:
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Δd = {1-exp[-α(Imax – Imin)t]}D,

(2.2.2)

Applying (Imax - Imin) = 2(I1 + I2)V to Eq. (2.2.2), we obtain the following relationship
between Δd and V:
Δd/D = 1-exp[-2α(I1 + I2)Vt],

(2.2.3)

Thus, the fringe visibility V can be written as:
V = - ln(1 - Δd/D)/[2α(I1 + I2)t].

(2.2.4)

In principle, the intensity distribution of interference fringes is time averaged sum of two
electric fields. We now have to consider the time integral over the pulse duration. For
nano- or pico-second pulses, the change in time integral is negligible along the x-axis owing
to the long pulse duration. However, for the pulses below 100 fs, the time integration term
drops quickly away from the edge. In the interference term of the fringe in equation (2.1.3),
the I2 is delayed. It implies that the time integration over the overlap of two pulses can be
assumed to be I2, which interferes with the I1. Thus, I2 can be rewritten as: {I2’ = I2×O(x)},
where O(x) is an overlap factor with a normalized value, shown in Fig. 2.2.9 (b), which
depends on the pulse duration.

Fig. 2.2.9 (a) Pulses of the direct and reflected beams with the time delay. The pulses partially
overlap depending on both the OPD and the pulse duration. (b) Integration of the overlap as a
function of the time delay for several pulse durations.
A typical Gaussian shape pulse is plotted in Fig. 2.2.9 (a), where the pulse length is
assumed to be the full-width at half maximum (FWHM) of the pulse. Fig. 2.2.9 (a) shows
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the direct and reflected pulses with some time delay. The partial overlap of the pulses in
time depends on both the OPD and the pulse duration. The overlap decreases as the OPD
increases or as the pulse duration decreases, as plotted in Fig. 2.2.9 (b). Pulse durations
from 10 fs to 50 fs are investigated. The overlapping area drops more quickly as the pulse
duration decreases.
The visibility for short-pulse radiation can be written as V(I1, I2’). In order to eliminate
an unknown factor α, we plot the visibility as:
V(x)/V0 = -ln(1-Δd(x)/D) ×.I0/I(x),

(2.2.5)

where V0 = V(x=0), I0 = I1,(x=0)+I’2,(x=0), and I(x) = I1,(x)+I’2,(x). The Fig. 2.2.10 shows the results
obtained using equation (2.2.5) with different distances from the edge. The visibility is >
0.55 over the investigated area. The visibility is not significantly reduced in the investigated
x-range [2009 Zuppella, 2011 Wathuthanthri].

Fig. 2.2.10 Visibility over the edge region with the assumption that the pulse duration of the EUV
light is 30 fs.
2.2.5 CONCLUSION
In conclusion, we have demonstrated a Lloyd’s mirror IL in HHG system.
Monochromatized EUV radiation generated by a HHG source enables us to perform
laboratory lithographic fabrication for high-density periodic structures. The exposure of the
ZEP-520A photoresist is obtained for the radiation used. The fringe visibility over the field
is measured and corresponds well to a model that includes the effects of the Gaussian
beam profile, the optical path difference and the pulse duration. The reflectivity of the
mirror, the degree of mutual coherence, and the overlap of two pulses affect the visibility.
In the future, the pattern of sub-60 nm pitch (30 nm half-pitch) is expected to be possible,
using Lloyd’s mirror angles up to 15° with the utilized radiation in this experimental setup.
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3.1 SCALAR DIFFRACTION

3.1.1 REVIEW OF CLASSICAL DIFFRACTION THEORY
Scalar diffraction
In classical optics, diffraction of a light wave is a simple case of interference. The
diffraction is determined by the behavior of propagating waves. The Huygens-Fresnel
principle explains the essential features of classical diffraction. Every point of the wavefront acts as a secondary source emitting a monochromatic spherical wave radiation. The
sum of these secondary waves determines the form of the propagating wave at any
subsequent time. A secondary source is a disturbance described by a spherical wave:
𝑈 𝑟, 𝑡 = 𝑈X

𝑒 •(´a“µ`)
𝑟

(3.1.1)

The complex amplitude U is a scalar wave function of the electric-field amplitude that is
adequate when polarization is not important, and only a small angle of diffraction is
considered [1974 Hecht, 1975 Fowles].
From the idea of Green function integrating for the surface of a radial source, the
Fresnel-Kirchhoff applies to integration including the diffractive aperture, which makes the
basis of the scalar diffraction formulae. The formations take the aperture either to be
opaque or to be fully transparent.
Fresnel-Kirchhoff diffraction
Fresnel-Kirchhoff diffraction theorem solves a general problem of diffraction in the
paraxial regime. It can be used to model the propagation of light in either numerical or
analytical modelling. It describes the wave disturbance when a monochromatic spherical
wave passes through an opening in an opaque screen. The approximation is obtained with
boundary conditions including the optical field U0 in the aperture area A1, and the optical
field U=0 at all points on the screen A2 and at large distances in image space A3.
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Fig. 3.1.1 The geometry for the Fresnel-Kirchhoff
formula with boundary conditions A: A1 is the
opening, A2 is closed with the edge of opaque screen,
and A3 is the boundary at large distance.
The Fresnel-Kirchhoff integral formula is given by following:
𝑈¶·

𝑖𝑈[
≈−
2𝜆

𝑒 •´(a¹a
𝑟𝑟′

º)

𝑐𝑜𝑠 𝑛, 𝑟 − 𝑐𝑜𝑠 𝑛, 𝑟′ 𝑑𝐴

(3.1.2)

where the U0 is the amplitude of the incident radiation field, k is the wavenumber, r is the
distance of the element of aperture from the observation point, r’ is the distance of the
element of aperture from the primary source, cos(n,r) is a diffraction angle, and A is the
area of the aperture. This scalar approach assumes the paraxial approximation, which is
valid when d2/z >λ.
The Rayleigh-Sommerfeld approximation is an attempt to solve the problem of
boundary condition near the edge of the aperture that Fresnel-Kirchhoff’s assumptions
have in regard to a discontinuity around edge [2003 Born]. There are two formulae
depending on the approach to solving the boundary conditions given by:
𝑈¼›½
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(3.1.3)
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The three approximations above are done under following conditions:
𝑟, 𝑟 – ≫ 𝜆
𝐴𝑝𝑒𝑟𝑡𝑢𝑟𝑒 ≫ 𝜆

(3.1.4)

The first condition is yielded in order to make the equation simpler. The condition r’ ≫ λ
is satisfied when the illumination is plane wave. The second condition is associated with the
boundary condition of aperture.
The Fresnel-Kirchhoff formula is the mean value of two Rayleigh-Sommerfeld
formulae: UFK = ½(URSI + URSII). For small incidence and diffraction angles, cos(n,r) ~ 1,
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cos(n,r’) ~ -1, the three formulae yield very similar result UFK ~ URSI ~ URSII, unless the
image plane is not in the extremely near region [2003 Born].
Fresnel diffraction is the analytical form of the F-K formula for near-field images, while
the Fraunhofer diffraction is also the analytical form of the F-K formula for far-field
images. A single personal computer nowadays is powerful enough to calculate a near-, and
far- field image of masks consisting of micron to sub-micron features with the EUV
wavelength only within a few seconds, or a few minutes in case of incoherent sum of
diffraction images [2003 Brooker, 2010 Schmidt, 2011 Voelz].
Diffraction field regime and Fresnel number
When light propagates very far from the source aperture, the optical field in the
observation plane is approximated by the Fraunhofer diffraction integral. The “very far” is
defined by z > a2/λ [1996 Goodman].
𝑎:
𝑁¶ =
𝑧∙𝜆

(3.1.5)

is called Fresnel number, where a is the characteristic size of an aperture, and z is the
location of the detector from mask. The diffraction field regime can be separated as
following:
NÂ ⋙ 1: Geometrical optics regime
NÂ ≫ 1: angular spectrum method regime [2010 Schmidt]
NÂ ~ 1: Fresnel diffraction regime

(3.1.6)

NÂ ≪ 1: Fraunhofer diffraction regime

These particular methods can enable approximate calculation of diffraction images with
more accuracy and more efficiency.
The approximation methods are based on scalar diffraction theory. The analytical
solutions for diffraction only exist for a limited number of aperture shapes or periodic
patterns. In the extremely near-field, calculating diffraction images requires rigorous
methods. In this regime, even the plane of z=0 is not defined due to the thickness of the
aperture. The discussions on this issue will be taken account in Chapter 3.3 with more
detail. The near-field diffraction image of F-K, or RS -I, and –II can be computed with
either numerical integration or the Fourier transformation in the frequency domain where
the fast Fourier transform (FFT) has a great advantage regarding computation time. Fig.
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3.1.2 summaries the diffraction field in terms of distance z. Table 3.1.1 summarizes the
conditions of particular scalar approximations.

Fig.

3.1.2

The

fields

approximated by diffraction
region [2007 Mack]
Parameter

F-K, RSI, II (Numerical)

Fresnel (Ana)

Fraunhofer (Ana)

Condition

z » λ, a » λ

z » a, a » λ

z » a2/λ

Table. 3.1.1 The field regime according to the conditions of approximations [2003 Born]
3.1.2 RESOLUTION OF PROXIMITY LITHOGRAPHY
The resolution of proximity printing is given by:
𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ≈ 𝛼 𝐷 ∙ 𝜆

(3.1.7)

The expression shows that the minimum printable size is increased with the proximity gap
between the mask and the wafer D and wavelength of illumination λ. The α is the
parameter dependent on particular process. In X-ray lithography, the resolution capability
is a critical issue due to the image blur. With X-ray wavelength shorter than 0.5 nm, the
number of photo-electrons and Auger electrons rapidly increases. The practical resolution
limit of X-ray proximity lithography is around 100 nm. In proximity printing with EUV
radiation, the resolution is enhanced owing to short wavelength, and the size of region
blurred by photo-electrons is smaller than 1 nm [1995 Okazaki].
The resolution of EUV proximity lithography is plotted in Fig 3.1.3. This shows that, in
the range of EUV, the photo-electron blur is almost negligible and achievable resolution is
below 100 nm with proximity gap around 2 µm. The best wavelength in this estimation is
around 3.5 nm resulting in resolution below 50 nm.
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Fig. 3.1.3 Resolution of proximity lithography in EUV spectral range: The blur occurs by photoelectron scattering at high photon energies in X-ray. On the other hand, the blur by EUV photoelectron scattering is negligible.
3.1.3 FRESNEL DIFFRACTION IMAGES IN EUV
In EUV spectral range, Fresnel diffraction is useful to approximate the near-field (~10–
500 µm) diffraction image for micro-scale objects of around 1–100 µm. Fig. 3.1.4 shows a
propagation image of EUV light through a circular aperture in near-field. The aperture is
micro scale of 1.6 µm diameter, the wavelength of illumination is around 11 nm. The
diffraction patterns consist of the nanoscale features with high edge resolution owing to
the interference of short-wavelength illumination.

Fig. 3.1.4. The EUV light wave propagation along the z-axis for a circular aperture: The aerial
images of intensity at 12 µm and 19 µm proximity gaps from the aperture.
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In Fig. 3.1.5, diffraction images of square apertures of different widths are
demonstrated. Fig. 3.1.5, (a) shows the square apertures with three different widths of 800
nm, 400 nm, and 200 nm. The (b) are the diffraction images formed at 3 µm away from the
aperture. The cross-sectional profiles and the corresponding NF are plotted at the right side
of the figure. In three cases, the Fresnel number is changed from NF=1, NF=5, and to
NF=20 as a function of width. The precise control of optical system including sub-micron
apertures and the distance between the mask and imaging plane is required with light
illumination in EUV spectral range.

Fig. 3.1.5 (a) Square apertures with three different width of 800 nm, 400 nm, and 200 nm (b) The
diffraction images formed at 3 µm away from the aperture: The cross-sectional profiles are plotted
for the corresponding NF.
In this section, Fresnel diffraction is reviewed and discussed for EUV radiation in
paraxial regime. Scalar diffraction is useful to predict the diffraction image of sub-micron
apertures with EUV radiation. The resolution of proximity lithography is discussed. EUV
proximity lithography is more promising to obtain high-resolution print in comparison to
the X-ray lithography due to the low blurring effect and sharp near-field interference image.
Optical propagation simulation is performed, and the sub-100 nm edge resolution is
obtained using micron-scale apertures with EUV radiation. Further details and
demonstrations will be shown in the next section.

44

3.2 PROXIMITY LITHOGRAPHY WITH DPP EUV
SOURCE

Diffraction-assisted extreme ultraviolet proximity
lithography for fabrication of nanophotonic arrays
The possibilities and limitations of proximity lithography with
extreme ultraviolet (EUV) radiation are explored theoretically and
experimentally. Utilizing partially coherent EUV radiation with the
wavelength of 10.88 nm from Xenon/Argon discharge plasma EUV
source the proximity patterning of various nanoantenna arrays has
been performed. The experimental results are compared with results
of numerical scalar diffraction simulations. It is shown that proximity
printing in the Fresnel diffraction mode can enable production of
high resolution features even with lower resolution masks. Sub-30
nm edge resolution in resist is demonstrated. The potential of the
method is explored by simulation of the patterning through circular
and triangular apertures as well as through bowtie antenna patterns.
The results suggest that precise control of the proximity gap and the
exposure dose together with simulation-supported mask design
optimizations may allow for wide variety of high-resolution structures
to be printed through relatively simple transmission masks. The
method is especially suited for high-performance manufacturing of
sub-µm sized nanophotonic arrays.
3.2.1 INTRODUCTION
In this section we investigate the potential of the Fresnel diffraction-assisted proximity
printing with EUV radiation of 10.9 nm wavelength emitted from a laboratory EUV
radiation source. In traditional X-ray proximity lithography, the achievable resolution is
limited by the photon-electron blur occurring owing to the reaction between photons of
high energy and molecules of photoresists. However, an advantage using EUV radiation
rather than using hard X-ray is that EUV photon energy has secondary electron blur of less
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than 1 nm. Therefore, the achievable minimum feature size depends only on the
wavelength and the proximity gap. With around 11 nm EUV wavelength, the achievable
line width with classical proximity lithography is limited to ~100 nm at 1 µm proximity gap
(𝑅𝑒𝑠~ 1×0.011). However, this limitation describes a blur caused by a classical long-range
Fraunhofer diffraction from the mask which is not necessarily a suitable approach when
considering results of interaction of EUV radiation with sub-µm sized mask features. For a
fixed mask to wafer gap g there is a set of structure sizes a, for which the Fresnel number
will be equal or larger than unity, enabling Fresnel diffraction mode. This may allow for
production of higher resolution features by the proximity printing at a suitable proximity
gap. For EUV proximity printing a suitable set of test structures for this method are optical
nano-antennas [2003 Crozier, 2005 Muehlschlegel, 2011 Novotny]. Such nano-antennas
can locally enhance the incident electromagnetic fields and thus are of great interest for a
variety of applications such as Surface-Enhanced Raman Spectroscopy (SERS) [2008 Stiles]
or Surface Enhanced Infrared Spectroscopy (SEIRS) [2000 Jensen, 2008 Neubrech],
biosensors [2009 Adato], optical storage [2006 Cubukcu], nanolithography [2006
Sundaramurthy, 2006 Wang] and high-harmonic generation [2008 Kim]. Since we are
primarily interested in antennas for SEIRS, the single antenna size is between 250 nm and
several micrometers. Nevertheless, the resolution requirements are in the nanometer range,
due to critical importance of the edge quality and a requirement to create nanoscale
distances between the antenna electrodes to achieve even higher field enhancement [2005
Schuck]. Currently, such antenna arrays are mostly made by state-of-the-art EBL, which
limits their industrial exploitation. A relatively simple setup for EUV proximity lithography
with a small scale laboratory source can enable a high volume manufacturing of high
quality nano-photonic structures.
3.2.2 EXPERIMENTAL SETUP
In this study, EUV proximity lithography utilizes a high power gas discharge produced
plasma (DPP) source developed at the Fraunhofer Institute for Laser Technology in
Aachen [2005 Pankert, 2000 Bergmann] (Fig. 3.2.1(a)). Such sources normally have a
broadband emission spectrum in the EUV range, since radiation is produced by the
transitions between the excited states of highly ionized heavy atoms, such as xenon or tin.
However, by optimizing the gas composition of the plasma and using suitable band-pass
filters it is possible to obtain a radiation spectrum with a dominating maximum at 10.88 nm
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wavelength with bandwidth of around 3.2% [2009 Bergmann]. The diameter of the pinch
varies from 150 µm to 350 µm depending on the gas mixture and discharge parameters.
The laboratory setup for EUV proximity lithography used for this study can illuminate
2” wafers with single exposure field size up to 4 mm2 (Fig. 3.2.1 (a-b)) [2012 Brose]. The
system utilizes high precision linear positioners and a set of three capacitive sensors to
control and determine the distance and tilt between the mask and the photoresist-coated
silicon wafer down to tens of nanometers. Depending on the mask design and the required
structure type, different photoresists**** were used as a photoactive medium.
The radiation from a partially coherent source passes through a pinhole aperture and
irradiates a transmission mask with a divergence angle of 0.0012 radian. The divergence of
the beam produces the pattern-shift as an error at the edge of field in the observation plane.
With the mask to wafer gap around 10 µm the pattern-shift error of the system is around
18 nm in our setup, providing the practical resolution limit in the experimental
demonstration. Reduction of the maximal divergence angle by spatial filtering or bringing
the mask closer to the wafer will decrease the pattern shift error further, enabling
structuring with sub 20 nm pitches.

Fig. 3.2.1 (a) Photo and (b) scheme of the experimental setup for EUV proximity lithography used
in this study
To support the investigation at this wavelength a novel type of transmission masks has
been developed based on free-standing niobium membranes instead of conventional Si3N4
supported masks. Niobium is known for its mechanical stability [2006 Danylyuk] and has a
high transparency (~65% at 100 nm thickness) at the used wavelength, in contrast to highly
absorbing Si3N4 [1993 Henke]. The cross section of the transmission mask can be seen in

****

Negative-tone photoresist: XR1541 (Hydrogen silsesquioxane) [Web Dowcorning]).

Positive-tone photoresist: PMMA [Poly(methyl methacrylate)], and ZEP520A-7 [Web Zeon].
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Fig. 3.2.2. The layer system consists of the thin Niobium (Nb) support membrane and the
structured Ni absorber layer. Niobium is also simultaneously used as a build-in filter for
unwanted radiation above 16 nm. The technology can be used to produce not only masks
for proximity printing but also for ultra-high resolution interference lithography. Further
details on the mask technology can be found elsewhere [2012 Brose].
For this work a transmission mask with various popular nano-photonic antenna designs
was produced. The nickel thickness of around 80 nm absorbs 98% of incoming radiation at
this wavelength, allowing excellent contrast and large process windows for the processing.

Fig. 3.2.2 Scheme of the lithography frontend, including a transmission mask and a
resist coated wafer: The coordinate system
and the relevant values are defined.

3.2.3 MODELING
Accurate simulation of the near-field diffraction is extremely important for understanding
limitations of EUV proximity lithography. The scalar simulation can be performed with the
help of Fresnel-Kirchhoff (FK) diffraction or Rayleigh-Sommerfeld (RS) diffraction
integrals. In our setup, where the angles of incidence and diffraction are small, those
diffraction formulae give essentially the same results [2003 Born]. For the simulation, we
employed lithography simulation software developed by the Fraunhofer IISB [2007
Meliorisz]. Here, we have used the RS integral of the first kind (RS I) since it was shown to
produce a little more stable results [2007 Meliorisz]. The EUV wavelength is short enough
for this approximation to work with nano-antenna structures with sizes above several
hundreds of nanometers and a proximity gap of several micrometers.
The broadband spectrum of the radiation and its angular divergence are implemented in
the simulation. The broadband illumination is taken into account by selecting a set of
wavelengths around the main peak of the spectrum and summing the different intensities
generated by each wavelength. Since the radiation bandwidth of the Xe/Ar plasma source
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is only 3.2% [2009 Bergmann], the results are qualitatively very similar to the simulation
performed with the single 10.88 nm wave, with only minor intensity changes visible. The
seven wavelengths around 10.88 nm chosen for the simulation are shown in the Fig. 3.2.3.
Fig. 3.2.3 Measured emission spectrum of the
DPP source with Xe/Ar gas mixture. The set
of wavelengths chosen for the simulation is
shown with bars. The wavelength and relative
intensity of each wavelength (wave-weights)
are shown in the inset table.
It is known that Fresnel diffraction patterns produced by simple round and triangular
apertures can become rather complex. For example, in the well-studied Fresnel diffraction
on a round aperture a set of concentric rings can be observed with number of rings
depending on an observation position. In the Fig. 3.2.4 the results of numerical simulation
of such diffraction are presented. Here the intensity profiles produced by the round
aperture with the diameter of 1.6 µm (Fig. 3.2.4 (a)) are studied in dependence of the
proximity gap. As expected from analytical modeling of the diffraction the change in the
Fresnel number manifests itself in the number of visible rings (zones).

Fig. 3.2.4 The circular aperture (a) and corresponding diffraction image at 19 µm proximity gap
The diffraction on the triangular aperture is more complex. At 20 µm distance the
aperture of the length of 1.56 µm (Fig. 3.2.5 (a)) is transformed into a set of three small
stabs pointing to the middle of the triangle with sub-100 nm distance between them (Fig.
3.2.5 (b)).
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Fig. 3.2.5 (a) The triangular aperture array and (b) the related intensity distribution behind the
aperture at 20 µm proximity gap.
The simulations clearly demonstrate the potential of the method for creation of
complex nano-photonic structures of novel designs. By tuning the exposure time and
modifying the proximity gap the structures of different shapes with down to sub-100 nm
resolution can be produced.
3.2.4 RESULTS AND DISCUSSION
Exposure results
The experimental results of the EUV exposures through the circle and triangle apertures
are shown in Fig. 3.2.6 in form of atomic force microscope (AFM) images after exposure
and development, overlaid with corresponding simulated aerial image.
Fig. 3.2.6 shows AFM images of negative high-resolution HSQ resist of 40 nm
thickness exposed though arrays of circular (Fig. 3.2.6 (a)) and triangular (Fig. 3.2.6 (b))
apertures at 20 µm distance. Excellent agreement with the calculated aerial image is
observed.
It is also worth mentioning that the HSQ resist has demonstrated rather high contrast
at this wavelength, providing the structures with the edge resolution of 28 nm (measured as
a change from 10 to 90 % of the height of the structures). Together with the possibility to
tune the distance between the obtained nano-photonic antennae by changing the exposure
time, this can allow to obtain novel types of nano-photonic resonators. For example, the
exposure through an array of simple triangle apertures at a suitable proximity gap created a
set of three-antennae structures with distance between single antennae as small as 100 nm
(Fig. 3.2.6 (b)).
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Fig. 3.2.6 AFM images of the resists with 40 nm thickness exposed by EUV proximity lithography
for circular (a) and triangular (b) apertures at 20 µm proximity gap. Overlay images show the
respective aerial images obtained from simulations.
Good correlation between scalar diffraction simulations and experiments confirms that
Fresnel diffraction is the main governing process in EUV proximity lithography of micrometer sized structures.
Overall, the possibility to change the aerial image dramatically and controllably just by
changing the proximity gap together with the ability to fine tune the exposed resist area by
variation of the exposure time provides a very high degree of flexibility for the exposures.
In combination with the developed simulation capabilities this should enable fast and
efficient design of suitable transmission masks for wide range of interesting nano-photonic
structures including ring-disc cavities [2010 Sonnefraud] or other more complex nanoresonant antennas [2010 Lukyanchuk]. Exercising the gap control with at least a
micrometer precision one can therefore achieve reliable non-contact patterning of different
structures with nanoscale resolution.
Optical proximity correction
The diffraction-assisted EUV lithography can also be applied to enable the highthroughput and high-quality production of traditional nano-photonic structures, such as
bowties. A bowtie is one of the most popular structures in nanophotonics because of its
optical properties – efficient radiation coupling and high field enhancement between the
electrodes [2006 Sundaramurthy, 2006 Wang, 2008 Kim, 2005 Schuck]. In this study, the
mask with apertures of a triangular shape with 1.2 µm height, 44º opening angle and 30 nm
distance between two triangles was simulated (Fig. 3.2.7 (a)). The resulting distance
between the triangles in the aerial image is strongly depending on the proximity gap
between a mask and a wafer. Fig. 3.2.7 (b) shows the resulting aerial image (in x-y plane) at
the 5 µm proximity gap (z-axis).
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Fig. 3.2.7 (a) Scheme of the simulated bowtie mask, (b) x-y plane intensity image at 5 µm gap.
To achieve a sub-100 nm distance between bowtie electrodes with this traditional mask
design, the gap between a mask and a wafer should be maintained at a sub-µm level. At
5 µm mask-to-wafer gap, the minimal achievable distance between electrodes is 450 nm at
a fixed level of incoming intensity, see Fig. 3.2.7 (b).
However, with EUV proximity printing traditional techniques of optical proximity
correction (OPC) can be used to correct and improve the image. The developed Fresnel
diffraction simulation routines can be used to implement an iterative modification of the
mask design, realizing significant reduction of the achievable distance between the
electrodes of the bowtie. As an example, the modified bowtie mask was simulated with the
aim to reduce the distance between electrodes in bowtie structures at the same proximity
gap of 5 µm. The modified bowtie element in the mask is designed with overlapping
electrodes and the opening angle of the triangle is increased to 90º (Fig. 3.2.8 (a)). As can
be seen from the simulation result in Fig. 3.2.8 (b), obtained distance between bowtie
electrodes is significantly reduced.

Fig. 3.2.8 (a) Scheme of the modified bowtie mask, (b) aerial image at the 5 µm proximity gap.
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The cross section intensity distribution in the Fig. 3.2.8 (b) at the 5 µm proximity gap
shows that the achievable distance between the electrodes can be reduced by more than a
factor of 3 to 130 nm while maintaining same proximity gap and exposure dose.
It is also worth to note that such a transmission mask is also simple in manufacturing,
since reliable production of bowtie arrays with sub-50 nm distance between electrodes is a
challenging task even for EBL.
Further iterative optimization of the mask design such as using OPC or other method
[2007 Poonawala] may allow one to push the distance between bowtie electrodes to the
sub-100 nm range while still maintaining rather relaxed conditions on the distance between
mask and wafer, enabling a high-yield production process.
In future, the work will be extended by including a simulation of the transfer of the
aerial image into resists. Moreover, the full three-dimensional masks will be rigorously
simulated to obtain even more accurate results in close proximity to the mask.
3.2.5 SUMMARY AND CONCLUSION
In summary, the laboratory-scale setup for EUV proximity lithography has demonstrated
the ability to create complex nano-antenna arrays and can be used for cost-effective small
and medium-scale manufacturing of nano-photonic structures. Utilizing a compact partially
coherent DPP EUV source and state of the art positioning systems a knife-edge resolution
of 28 nm was achieved. Precise control over the mask-to-wafer gap increases flexibility of
the diffraction-assisted EUV lithography, providing the possibility of producing different
nanostructures without changing the design of the mask. The established scalar diffraction
simulations allowed not only the prediction of the experimental results, but it also opened a
way for implementation of optical proximity correction, increasing the quality of
structuring and applicability of the method.

Ch. 3 Fresnel Diffraction Image in EUV

53

3.3 SCALAR DIFFRACTION VS. FDTD

Image formation behind an EUV transmission mask
The optical wave propagation through complex mask features of a dielectric medium is
described by electromagnetic theory of Maxwell’s equations. The electromagnetic wave
fields (E and H) can be determined in a medium and free space. Scalar diffraction can be
considered as an ideal case of Maxwell equations. The thin mask approximation (TMA) is
assumed that the infinitely thin absorber (thickness = 0), infinitely high absorption k (k=0,
or β=1), and no refraction (δ=0) at the boundary. The scalar diffraction method is useful
when calculating the large field of a mask and far-field imaging. However, the validity of
the scalar approximations is limited due to a specific phase error [2007 Meliorisz].
A transmission mask with feature size of sub 100 nm illuminated by EUV radiation
typically requires the rigorous simulation. This is because the absorber thickness of sub 100
nm and substrate thickness of a few tens nm are comparable to wavelength of EUV, and
the contrast of transmission between the absorber and substrate is not as high as for the
visible and ultraviolet masks.
The finite-difference time-domain (FDTD) is a computational technique to model
scientific and engineering problems dealing with electromagnetic wave interaction with
material structures [1966 Yee, 1980 Taflove]. Yee described the FDTD numerical
technique for solving Maxwell’s curl equations on grids staggered in space and time. FDTD
is useful to simulate the wave fields with forward time-stepping. The E and H fields are
determined at every grid point in space within the time domain. The material of each cell
must be specified. Any material can be used as long as the permeability µ (µ0: the
permeability in vacuum = 4π×10-7 Hm-1), permittivity ε (ε0: permittivity in vacuum ~
8.85×10-12 F/m), and conductivity are specified. A wide range of linear and nonlinear
dielectric and magnetic materials can be modeled. However, FDTD suffers from
disadvantages in modeling of a large computational grid, such as for a large field mask with
a short-wavelength of light, or far field propagation. In order to reduce the computational
time, parallel computation can be considered. FDTD calculates a single polarization state,
either TE or TM. The un-polarized light value can be obtained by averaging both TE and
TM values [2010 Erdmann].
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Here we briefly compare the simulation images calculated by F-K diffraction and
FDTD methods. Optical propagation in paraxial and non-paraxial regimes, through single
slits and multi-slits, are simulated with coherent EUV radiation.
Mask modelling
The Fresnel-Kirchhoff (F-K) diffraction model assumes that the transmissive diffraction
masks are infinitely thin and infinitely opaque in the absorber region, which is known as a
thin mask approximation (TMA) as shown in Fig. 3.3.1 (a). On the other hand, the
rigorous diffraction model uses the 2- or 3-dimensional layout with the complex refractive
index of the material. For an EUV transmission mask, we model the mask features based
on what is possible to fabricate in the laboratory. A typical mask model is to use an
absorber layer on a high-transmissive substrate (amplitude mask) as shown in Fig. 3.3.1 (b).
It is also possible to achieve free-standing masks either by patterning on the lowtransmissive substrate (Fig 3.3.1 (c) or by etching or by milling with a focused ion beam
after patterning with photoresist (Fig. 3.3.1 (d)).

Fig. 3.3.1 The geometries of transmission mask: (a) F-K mask (b) substrate supported mask (c) freestanding mask (d) free-standing mask with substrate support
Isolated object
Optical wave propagation through a wide slit is simulated. The width of the slit was 100
nm and the wavelength of light was 6.7 nm for both scalar and FDTD models. The
propagation is simulated in the range of z = 0 to z = 1 µm with corresponding Fresnel
number of NF = 20 to NF = 1.5 respectively as shown in Fig. 3.3.2. The compared masks
are (a) the TMA of F-K approximation, (b) the FDTD mask consisting of a tungsten (W)
absorber with thickness of 200 nm on a Si3N4 membrane with thickness of 30 nm, and (c)
the FDTD mask consisting of the same material and thickness as in (b) but having freestanding features in the slit area (as in Fig. 3.3.1 (d)). The F-K mask shows finer
interference features in the near and far field regime than for FDTD masks. The
propagation images of the FDTD masks are smeared due to the finite optical properties.
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The free-standing mask yields higher intensity than others, and fine interference fringes
have disappeared. The cross-sectional profile at the Fresnel distance of NF = 20 are
compared for three masks as shown in the bottom of Fig. 3.3.2. The intensity and the
fringe details are slightly changed depending on the simulation method.

Fig. 3.3.2 The light propagation of the wavelength at 6.7 nm through a wide slit of 100 nm
calculated by (a) F-K (b) FDTD with the W absorber with thickness of 200 nm on Si3N4 substrate
with thickness of 30 nm, and (c) FDTD with the free-standing W absorber with thickness of
100 nm on Si3N4 substrate with thickness of 30 nm: The bottom curves are cross-sectional profiles
at the plane where NF=20
When the slit is narrow, for example a width of 40 nm, the light intensity is significantly
reduced and the Fraunhofer diffraction pattern is shown in Fig. 3.3.3. The corresponding
NF is reduced for the same z-distance. The cross-sectional profiles around NF=20 are
compared for three different masks as shown in Fig. 3.3.3. The intensity and the Gaussian
intensity profile are different with the different calculation methods.
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Fig. 3.3.3 The light propagations for wavelength at 6.7 nm through a narrow slit of 40 nm calculated
by (a) F-K (b) FDTD of the W absorber with thickness of 200 nm on Si3N4 substrate with
thickness of 30 nm, and (c) FDTD with the free-standing W absorber with thickness of 100 nm on
Si3N4 substrate with thickness of 30 nm: The bottom curves are cross-sectional profiles at the plane
where NF=1
Periodic object
For periodic structures, the intensity pattern is in the Fresnel regime as long as the mask
field is wide enough. The size of the aperture is equal to the field of the mask. With a finite
dimension of mask field, the Fresnel image field is gradually getting narrower as a function
of distance from the mask (walk-off). The contribution of the higher diffraction orders is
reduced at a further observation plane [1989 Patorski]. Here, the near field diffraction of a
periodic object is simulated by scalar diffraction and the FDTD approach. In both
approaches, the mask consists of a pitch of 300 nm with a slit-width of 20 nm for coherent
illumination with a wavelength of 13.5 nm. The FDTD mask consists of a gold (Au)
absorber with thickness of 60 nm supported by a Si3N4 substrate with thickness of 20 nm.
The FDTD uses TE polarized illumination.
The intensity profiles of the diffraction patterns are compared in the near field regime
around 1st Talbot distance (see Chapter 4), and in the regime much closer to the mask. In
Fig. 3.3.4, (a) and (b) are the intensity profiles of the interference pattern computed by
scalar diffraction and FDTD models respectively. The differences in intensity and contrast
exist, however, the position of constructive and destructive interference is nearly identical

Ch. 3 Fresnel Diffraction Image in EUV

57

in the Talbot regime. On the other hand, the field much closer to the mask surface differs
between the scalar diffraction and FDTD approaches as plotted in (c) and (d) respectively
in Fig. 3.3.4. In the close proximity to the mask, the near-field intensity pattern calculated
by different methods differs significantly.

Fig. 3.3.4 Talbot image from the mask composed of 300 nm-pitch, 20 nm-slit-width illuminated by
EUV at 13.5 nm wavelength (a, c) F-K diffraction image (b, d) FDTD image, Au 60 nm / Si3N4
20 nm
In the previous section, it was shown that the mask layout strongly influences the nearfield intensity distribution particularly where no interference between the neighboring slits
is present. Here several mask schemes are simulated and compared with the scalar
diffraction approach. All the masks consist of a pitch of 100 nm and a slit-width of 15 nm.
The radiation field is defined as coherent illumination of wavelength at 6.7 nm. In Fig.
3.3.5 (a), the interference image calculated by scalar diffraction is shown in the z range
between z = 0 and z = 747 nm corresponding to fractional Talbot distance of zT/4. The
three different mask models are implemented in FDTD calculation: (b) an iridium (Ir)
absorber with thickness of 70 nm on Si3N4 with thickness of 30 nm, (c) a free-standing
mask of W with thickness of 50 nm, and (d) a free-standing mask of W with thickness of
110 nm in Fig. 3.3.5. The intensity and contrast are different of course, but also the profile
shapes are different in details. In the bottom of the Fig. 3.3.5, the profiles of the cross
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section at z = zT/6 are plotted for the particular models. The scalar diffraction shows the
intensity profile with good regularity, however, the rigorous calculations show irregular
profiles with different intensity and contrast.

Fig. 3.3.5 The propagated
interference

patterns

calculated by (a) F-K
formula and (b-d) FDTD
with

different

mask

layouts

In conclusion, different methods of both scalar diffraction and rigorous FDTD
simulation are used to calculate optical wave propagations, and the interference patterns are
compared for different mask layouts. The propagation of EUV radiation through the
isolated objects of wide and narrow slits is simulated. The contrast and intensity are
significantly different for both simulation methods †††† . Also the periodic objects are
compared for both methods. In the Fresnel regime of a Talbot image, the phase errors are
not significantly different between different simulation methods. The displacement of
locations of constructive and destructive interference fringes is small for different
simulation methods and mask layouts. However, the field much closer to the mask surface,
which is beyond the Fresnel regime, requires one to employ the rigorous simulation with a
particular mask layout.

The difference between both simulation methods arises from the fact that the scalar diffraction
method is not valid in the case when the feature size of mask layout is not large enough in
comparison to the wavelength of light.

††††
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4.1 REVIEW OF TALBOT EFFECT

In this section, the Talbot effect and its application are reviewed. Also different methods of
Talbot lithography are summarized.
Diffraction grating
In the far field, the diffraction pattern of the plane wave is characterized by Fraunhofer
diffraction. In the near-field, however, the interference fringes of diffracted light are
characterized by Fresnel diffraction. The diffraction grating is a key element to form the
interference fringes that depend on the structure of the elements and the number of the
elements of the grating. With an incident angle θi, and period of grooves of grating d, the
intensity fringes have maxima at angles θm as given by the grating equation:
𝑚 ∙ 𝜆 = 𝑑 ∙ (𝑠𝑖𝑛𝜃z + 𝑠𝑖𝑛𝜃• )

(4.1.1)

where integer m is called the diffraction order that can be measured in the Fraunhofer
regime. In the near-field, the observed intensity fringes are the interference pattern formed
by the diffracted beam of all diffraction orders.
Self-image
In the Fresnel diffraction of periodic objects, so called self-imaging phenomenon is
encountered [1969 Edgar, 1981 Patorski]. With the coherent illumination of plane wave
light, the self-images of periodic objects such as a grating are produced at a regular distance
given by:
z = n.zT (n=1,2,3…)

(4.1.2)

where n is the positive integer. The distance zT is the so called Talbot distance. Self-imaging
means that a particular image is formed without the help of a lens or any other device
between object and image [2005 Lohmann].
In 1836, William Henry Fox Talbot first observed that objects with periodic
transmission profiles, such as transmission grating or pinhole arrays, illuminated with a
white light source produce periodic intensity patterns of different colors resembling the
transmission object itself [1836 Talbot]. In 1881, Lord Rayleigh explained this effect for a
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plane wave interacting with a one-dimensional grating known as the Talbot length [1881
Rayleigh]:
𝑧Î =

𝜆
1 − 1 − 𝜆/𝑑

:

(4.1.3)

In the paraxial regime, when λ/d is small, it approximates as:
𝑧Î =

2𝑑 :
𝜆

(4.1.4)

where d is the period of object. The Talbot effect reproduces images of a periodic object at
integer multiples of the half Talbot distance (n.zT/2). The Talbot image was described as
the Fresnel diffraction image of a periodic structure. [1956 Cowley, 1965 Winthrop]. There
are other positions in the image space where the Talbot effect reproduces images at higher
feature density as compared with that of the mask [1979 Flanders, 1996 Berry]. These
higher density images are generated at the plane of the fractional Talbot distance given by:
𝒛 = 𝒑/𝒒 ∙ (𝒛𝑻 /𝟐)

(4.1.5)

where p and q are co-prime numbers.
During a century after Talbot, the analytical theory of the effect was developed further
and extended to Gaussian or spherical illumination wave-front, two-dimensional periodic
and quasi-periodic objects and partially coherent sources of finite size. The effect has been
successfully utilized for interferometry [1984 Patorski, 1984a Patorski, 1985 Bolognini],
image processing [1986 Anders, 1996 Besold] and structuring [1979 Flanders, 1985 Aristov]
applications. An overview of the development of the analytical theory of the effect and its
main applications can be found in many scientific articles [1989 Patorski].
The phenomenon is explained as Fresnel diffraction of a periodic object, and is
expressed using the angular spectrum with Fourier optics [1969 Edgar, 1996 Goodman,
2011 Voelz]. A one-dimensional transmission grating can be characterized with a pitch
(period) and a line width or opening width. A typical grating produces an intensity copy of
itself at integer multiples of the Talbot distance, within the limitation that no evanescent
fields are present, and so spatial resolution is limited by mask feature size and optical
properties for a certain wavelength of light.
In scalar diffraction theory, the amplitude grating has the initial intensity distribution of
binary transmittance, u(x, z=0) = 1 in the slit and u = 0 in the line, and the opening width
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of the grating is much smaller than the half-pitch. The image of the Talbot pattern can be
expressed using the angular spectrum representation, within the approximation of the
scalar wave equation. The complex field of the monochromatic wave is expressed as E(r, t)
= E(r).exp(iωt), where ω is the angular frequency. The field in a plane at distance z behind a
grating, E(r) = E(x, z) (where x is the coordinate perpendicular to the grating rulings, this
definition of the x axis is used throughout the chapter), can be expressed as the
convolution of the field at the object plane (z=0) and propagator H:
𝐸 𝑥, 𝑧 = 𝐸 𝑥, 0 ∗ 𝐻 𝑥, 𝑧

(4.1.6)

The propagator H in space is the inverse Fourier transform of the propagator 𝐻 in
reciprocal space:
𝐻 𝑥, 𝑧 = 𝑒 •∙´× ∙Ø

(4.1.7)

where the longitudinal wavenumber is expressed as kz = (k2-kx2)1/2, where k = 2π/λ. This
solution can be expressed in the paraxial approximation, where λ<d. Thus the expression
of E(x,z) is given for Talbot length zT as following:
𝐸 𝑥, 𝑧 =

𝐸 𝑥, 0 ∙ e•b

:”/Ù {

∙ 𝑒 “•b(:”/ØÚ )Ø 𝑑𝑥

(4.1.8)

where the first term is the initial intensity distribution, the second and third terms are the
periodicities in x, z directions respectively [2003 Guerineau].
Talbot image behind finite periodic gratings
In the previous section, we have focused on infinite periodic gratings. However, in reality, a
grating consists of the finite number of periods, and the diffraction shadow limits the range
where the Talbot pattern can be observed [1984 Patorski]. In the observation plane,
diffracted waves with a small number of diffraction orders contribute to the image
formation. In the paraxial regime, the most efficient diffractions are 0th and ±1st diffraction
orders [2010 Kim]. Fig. 4.1.1 illustrates the diffraction shadow by diffraction of up to ±1st
diffraction orders. The overlapping area (triangular zone of red dot in Fig. 4.1.1) is the
useful region for forming a Talbot pattern efficiently.
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Fig.

4.1.1

The

diffraction

shadow by diffraction orders
behind the grating of finite
dimension

Talbot lithography
Talbot lithography is an interference lithography technique, which records the self-image,
the fractional Talbot pattern, or the Fresnel images between the Talbot planes. Typically, a
coherent plane wave illuminates through the transmissive grating, and the image is printed
on the photoresist.
The use of EUV radiation for Talbot lithography is an emerging technique due to the
short wavelength nature, and capability of producing nano-patterns. Various applications in
nano-fabrication are presented. Talbot lithography with EUV illumination has been used
for replicating complex structures [2009 Isoyan], for the demonstration of defect tolerant
lithography [2012 Urbanski, 2013 Li], for high-resolution patterning of large-area samples
[2012 Wang], and for patterning with spatial frequency multiplication (Msf) up to a factor of
2 using the achromatic Talbot effect [2014 Mojarad, 2013 Danylyuk]. The fractional Talbot
effect was demonstrated for 1D structuring with soft X-rays [2014 Kim] and observed for
2D patterns using microlens arrays with laser illumination in the visible spectral range
[1997 Besold], several analyses on Talbot effect are well summarized in [2013 Wen].
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4.2 FABRICATION OF TALBOT MASKS

Proximity lithography, Talbot lithography, or diffractive interference lithography require a
precisely produced transmission mask. The most efficient method of fabricating the mask
depends on the purpose e.g. producing a large field, a thin mask, or a free-standing
structure. This section introduces a few useful techniques of fabrication for transmission
masks including traditional and new techniques.
E-beam lithography for Talbot masks
Traditional X-ray transmission mask is often fabricated by E-beam lithography. The Ebeam tool directly writes any geometrical feature on a photoresist coated membrane.
Typical material of the membrane is Si3N4 or Si depending on the wavelength of the
radiation. The writing field area is around 300 µm × 300 µm. The resolution depends on
the beam size and is typically on the order of a few tens of nanometers. Thus, it is suitable
to fabricate the Talbot masks or the proximity lithography masks with a pitch down to 50
nm. The exposure latitude of E-beam lithography is large when using the transmissive
membrane, because the thickness of the membrane is only a few tens of nanometers and
no significant back scattering is expected, which is different from exposing a thick Si
substrate. The process following E-beam writing is the typical lithography process
including the development, drying, and etching.
Fig. 4.2.1 is an example of the grating masks with different sizes produced by e-beam
lithography. The Si substrates having thickness of 100 nm were deposited with PMMA
photoresist with thickness of 60 nm by spin-coating. The e-beam wrote the grating features
with the exposure dose of 1000 µC and the sample was developed. For feature sizes below
40 nm, significant distortion of the pattern occurs such as increased line-edge roughness.
The mask shown in Fig. 4.2.1. might be useful for fractional Talbot lithography with
EUV radiation of wavelength at 46.9 nm produced by an argon capillary discharge laser.
The remaining photoresist can be used as an absorber at this wavelength resulting in highcontrast between the substrate and the absorber.
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Fig. 4.2.1 AFM images of the grating masks produced by e-beam lithography (a) 1 µm pitch with
100 nm slit-width (b) 400 nm pitch with 80 nm slit-width (c) 300 nm pitch with 60 nm slit-width (d)
200 nm pitch with 40 nm slit-width
Focused Ion Beam milling for Talbot masks
The focused ion beam (FIB) can be used to locally remove or mill away some part of the
material with the sputtering action of the ion beam [2007 Volkert]. The FIB milling
technique is often used to modify lithography masks when there are a few defects on the
surface are present. In laboratory demonstrations, FIB is also a useful tool to fabricate
transmission masks for Talbot lithography or proximity lithography. FIB can write with
high resolution. The spot size is in the order of only a few nanometers (< 5 nm). It can
write any features directly on any material from polymer to metal. Heavy ions, such as
gallium ions, remove the atoms by either elastic or inelastic collisions.

Fig. 4.2.2 Fabrication processes with FIB milling (a) FIB milling after absorber deposition (b) the
FIB milling before deposition
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Fig. 4.2.3 The SEM images of the fabricated masks by FIB milling (a) the line milling with different
parameters of beam current (b) the FIB milling on the Si 100 nm substrate (c) gold deposited
grating of 100 nm slit-width after FIB milling on Si
A disadvantage of FIB milling, however, is the slow milling time. The speed of removing
the target material highly depends on the atomic or physical properties of the material such
as atomic number (weight), ultimate tensile strength. The milling time is proportional to the
area or the volume of the milling field. One idea to reduce the unnecessary milling time is
to cut along the edge of apertures. Typically, the whole area of the aperture is milled
through completely. Instead, if only the edge of the aperture is milled, the whole aperture
will drop down resulting in removing the whole aperture. Fig. 4.2.4 (a) shows the scheme
of the FIB milling along the edges of the square apertures. The milling time will be reduced
proportionally to the milling area. Fig. 4.2.4 (b) is the SEM image of the Si membrane after
the FIB writing. The corners of the square apertures are very sharp in comparison to the
manner to mill the whole aperture in Fig. 4.2.3 (b). One problem of this method is that the
cut square that has to drop down is sometimes hanging up and folds. In this case additional
FIB milling is required to completely remove them.
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Fig. 4.2.4 (a) The scheme of the FIB milling along the edges of the squares (b) SEM image of the
2D square grating fabricated by the method
In conclusion, this section introduces the fabrication techniques for the EUV transmission
masks. E-beam lithography is useful to fabricate large field masks. The FIB method can
fabricate EUV transmission masks with high-resolution down to sub 10 nm scales. The
FIB milling method is suitable for laboratory purposes due to the low speed. The
alternative method to reduce the milling time in the FIB is introduced and demonstrated.

Chapter 5
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5.1 FRACTIONAL TALBOT LITHOGRAPHY WITH AN
EUV LASER

The fractional Talbot effect leads to a possibility to implement
patterning of structures with smaller periods than that of the master
mask. This is particularly attractive when using short wavelength
illumination in the extreme ultraviolet due to attainable resolution in
the sub-100 nm range. In this chapter we demonstrate Talbot
lithography with the fractional Talbot effect under coherent
illumination generated with a capillary discharge Ne-like Ar extreme
ultraviolet laser. Various spatial frequency multiplications up to 5x are
achieved using a parent grating. This technique allows fabrication of
nano-structures with high-resolution patterns, which is of high
interest in many applications such as manufacturing of plasmonic
surfaces and photonic devices.
5.1.1 INTRODUCTION
In order to achieve smaller structures in Talbot lithography, high-resolution masks
fabricated with smaller periods are required. This fact imposes a limitation towards the
printing of smaller feature sizes due to the challenge of producing large area, high quality
and small period masks compatible with EUV illumination [2012 Brose].
To overcome this obstacle, we investigated the use of the fractional Talbot effect in
Talbot lithography focusing on finding the alternative scaling of structures. The Fractional
Talbot effect describes the interference pattern not only at the integer multiples of the
Talbot distance, n.zT, but also at other intermediate planes located at fractional Talbot
distances. Particularly clear line and space patterns can be found at rational numbers of the
half Talbot distance, z = (p/q)(zT/2), where p and q are co-prime numbers [1996 Berry].
The effect leads to fractional interference patterns from the parent mask for various spatial
frequency multiplication (Msf). While various imaging applications and analysis are reported
on the fractional Talbot effect [2013 Wen, 1965 Winthrop], however, in structuring,
fractional Talbot lithography was reported only with visible light and hard x-rays [1994
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Arrizon]. Herein we demonstrate fractional Talbot lithography in the EUV utilizing a
compact EUV laser source, resulting in various Msf up to Msf = 5 from one parent mask.
5.1.2 THEORY AND METHODOLOGY
The fractional Talbot pattern can be analytically expressed using the angular frequency
representation [1979 Flanders]. The binary transmittance, E0(x) = 1 in the slits and E0(x) =
0 at the absorber, is considered as an initial intensity distribution at the mask plane (z=0),
where x is the axis of initial intensity distribution of grating and z is the axis of propagation
of the plane wave illuminating the mask. In the paraxial limit, the angular frequency
representation is identical with the framework of Fourier optics. The optical field, E(x, z) is
described with the inverse Fourier transform of a propagator,

^
(kx, kz;
H

z) = exp(i.kz.z) in

reciprocal space, where the longitudinal wavenumber is kz = (k2-kx2)1/2, with the
wavenumber k = 2π/λ, thus E(x, z) = E0(x, z=0)*H(x, z). The intensity profile as a
function of distance is illustrated in Fig. 5.1.1 (a).

Fig. 5.1.1 (a) The Talbot
pattern behind a grating with
narrow slits (500 nm per 3 µm
pitch) as a function of distance
from a grating (b) the intensity
profiles at several distances
indicating Msf – note that the
cross-section data are averaged
with 10 computational pixels.
Fractional Talbot images having positive integer Msf values (1x, 2x...) are formed at z
positions equal to fractional Talbot distances according to the following relations (also, see
Fig. 5.1.1 (a, b)):
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1x: at z = (1/1).n.(zT/2), 0
2x: at z = (1/2).n.(zT/2)
3x: at z = (1/3).n.(zT/2), (2/3).n.(zT/2)
4x: at z = (1/4).n.(zT/2), (3/4).n.(zT/2)

(5.1.1)

5x: at z = (1/5).n.(zT/2), (2/5).n.(zT/2),
(3/5).n.(zT/2), (4/5).n.(zT/2)
… (n=1, 2, 3 …)

Fig. 5.1.2 (a) Profiles of the Talbot pattern in
the ‘Fig. 5.1.1 (a)’ along the radiation
propagation axis at various x-positions with
indication of Msf, and (b) the DOF for
different Msf. [Note that measured number of
DOF values for a desired Msf equals Msf, and
each values are slightly different. The DOF
values presented in (b) are minimum ones
among those values.]

The distance between the mask and the sample has to be precisely controlled, within
the depth of field (DOF) of the pattern to achieve the desired Msf. The DOF for the
desired Msf is given approximately by:
𝟏 𝒛𝑴𝒔𝒇“𝟏 − 𝒛𝑴𝒔𝒇¹𝟏
𝒑𝟐
≈
𝟐
𝟐
𝟐𝝀 𝑴𝟐𝒔𝒇 − 𝟏

(5.1.2)

where zMsf = 1/Msf.(zT/2) [1979 Flanders]. The DOF can be estimated from the simulation
by measuring the peak intensity distribution of the Talbot pattern or Talbot carpet along
the radiation propagation direction [2009 Case]. The Fig. 5.1.2 (a) shows profiles of the
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Talbot image along the radiation propagation axis for several x-positions of Fig. 5.1.1 (a).
The profiles indicate the intensity range of the pattern for the desired Msf. The DOF
corresponds to the full-width at half-maximum (FWHM) of each peak for the respective
Msf (see the red lines in Fig. 5.1.2 (a)). The Fig. 5.1.2 (b) shows values of DOF at different
Msf from 1x to 5x. As expected, for the higher Msf, the pattern yields shorter DOF, which
makes distance control more critical.
5.1.3 RESULT AND DISCUSSION
Table-top coherent EUV source
A capillary discharge Ne-like Ar laser at λ = 46.9 nm was used for exposures in
experiments. This laser provides high spatial and temporal coherence, which are required
for this work. The spectral bandwidth was approximately Δλ/λ = 3.5x10-5 [2012 Urbanski],
and the spatial coherence radius was 500 µm at the mask plane [2001 Liu, 1997 Marconi].
The exposure dose at the wafer plane in the experiments was 0.1 - 0.3 mJ/cm2/pulse [2013
Li].
Talbot masks
The transmission grating (or Talbot mask) was fabricated using focused ion beam (FIB)
milling. A Tungsten probe tip was used to generate the Ga+ ion beam. The beam current
was 80 pA and the dwell time was 1 µs during the process. The grating structure was
defined on a Si3N4 (50 nm thickness) membrane deposited with Au (130 nm thickness) that
was fully milled through to make 20 slits and to achieve free standing array structures as
shown in Fig. 5.1.3. (b). In total, 20 pairs of the absorbing and opening lines were created
with 3 µm pitch over a total area of 60 µm x 50 µm. The number of pairs was enough to
demonstrate the fractional Talbot effect even though the line width roughness and the outof-plane bending of the lines impacted the quality of results. The length of the lines was
50 µm and the width of the slits was ~ 500 nm in average (see Fig. 5.1.3 (a-c)).
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Fig. 5.1.3 The free standing
transmission grating of narrow slit
array formed on the Au deposited
Si3N4 window (a-c). Zoom-in
views at the end of a slit (b) and in
the middle (c).
The grating was illuminated by the EUV laser to form the fractional Talbot pattern. A
positive-tone photoresist (polymethyl methacrylate - PMMA) with an approximate
thickness 80 nm was deposited by spin coating on a Si wafer that was placed behind the
mask at the corresponding fractional Talbot distances in order to achieve the desired
demagnification, Msf. The distance of the proximity gap was measured using the contact
signal between the mask and the wafer. The exposure dose was set at 100 shots (around 20
mJ/cm2) through the experiment. After the exposure, the photoresist was developed with
MIBK (Methyl isobutyl ketone) : IPA = 1 : 3 for 45 sec and cleaned with IPA for 45 sec.
The experimental results corresponding to the prints at the different fractional Talbot
distances are summarized in Fig 5.1.4, which are image data obtained using the atomic
force microscope (AFM), showing the fractional Talbot lithography results of Msf = 1 (a),
Msf = 2 (b), Msf = 3 (c), and Msf = 5 (d) with corresponding pitches of 3 µm, 1.5 µm, 1 µm
and 600 nm respectively. In Fig. 5.1.4 (a) the narrow slit on mask is transferred into the
wafer due to replication of the Talbot effect, Fig. 5.1.4 (b) shows doubling of Msf. In Fig.
5.1.4 (c) small destructive interference at peaks can be noticed, because the wafer position
was not exactly at z = zMsf=3, and in Fig. 5.1.4 (d) line-edge roughness and out-of-plane
bending of the parent mask start to degrade a quality of the pattern. However, the
obtained results clearly show the expected multiplication factor at the frequency
corresponding to the fractional Talbot effect.
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Fig. 5.1.4 The AFM measurements of the
lithography results showing (a) Msf = 1, (b)
Msf = 2, (c) Msf = 3, and (d) Msf = 5 from
the parent mask of 3 µm pitch. Overlayed
red curves are corresponding AFM crosssections. The height of the PMMA
structures (a-d) was ~ 80 nm.
The widths of developed or removed parts were approximately ~ 570 nm (a), ~ 320 nm
(b), ~ 310 nm (c) and ~ 210 nm (d) at FWHM of the height, while the corresponding
simulated values were respectively 670 nm, 840 nm, 780 nm and 840 nm at FWHM of
intensity. According to the simulation data, the width is supposed to be comparable to the
slit width of parent mask. The difference between the calculated values and the experiment
data can be explained by variations in the illumination dose proper of the pulsed nature of
the EUV laser and non-linear response of the photoresist. The EUV transmission at
46.9 nm wavelength is reduced approximately by half every 10 nm thickness of PMMA
[1993 Henke]. It also should be taken into account that peak intensity is changing as a
function of Msf. The advantage of obtaining high Msf with fractional Talbot lithography is
opposed by the fact that intensity reduces with increasing Msf as shown in Fig. 5.1.5. The
intensity values from simulations (blue squares) and developed depth of the photoresist
from experiments (red circles) are both decreasing for higher Msf as expected.
Fractional patterning with spatial frequency multiplication will be useful for applications
that require large area and high-resolution patterning, relaxing the fabrication constrains for
the master mask. It is also convenient and efficient when various sizes have to be printed
using one mask in EUV patterning.
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Fig. 5.1.5 Intensity change in
simulation (square blue) and
developed depth of PMMA as a
lithographic result (circle red) as
a function of Msf

5.1.4 CONCLUSION
We have demonstrated fractional Talbot lithography experimentally using highly coherent
EUV illumination at 46.9 nm wavelength generated with the capillary discharge Ne-like Ar
laser. Spatial frequency multiplications up to 5x were achieved with pitches of 3 µm, 1.5 µm,
1 µm and 600 nm respectively from the parent grating of 3 µm pitch. The grating mask is
highly transmissive with a free-standing structure fabricated by FIB milling. However, the
line width roughness and the out-of-plane bending of the lines must be improved for
better quality of the printing over large areas. We envision that a grating with smaller pitch
size could be used for further reduction of period and feature-size as well as the grating
with narrower slits could be used to get higher Msf values, more than Msf = 5x. Also the
utilization of recently developed EUV lasers in the vicinity of 13 nm can decrease further
the feature size achievable with this patterning approach [2010 Alessi].
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5.2 OPTICAL PROPERTIES OF 2D FRACTIONAL
TALBOT LITHOGRAPHY

We investigate optical properties of two-dimensional (2D) fractional
Talbot patterns under illumination with EUV laser light. The
fractional Talbot effect, due to spatial frequency multiplication, can
enable patterning of micro and nano-structures with various feature
sizes using a micro-scale pitch mask. The experiment is performed
with a free-standing mask fabricated by focused ion beam milling and
a highly coherent illumination at 46.9 nm wavelength generated by a
compact capillary discharge Ne-like Argon laser. As a result of spatial
frequency multiplication, the structure density of a square array of
apertures in the mask was increased by a factor of up to 9 at the
recording plane. The depth of field of the fractional Talbot images
has been investigated using Fresnel diffraction analysis. Added field
distribution complexity caused by asymmetry of the 2D arrays was
observed both in simulation and in the experiment. This approach
could be useful for sub-micron structuring of 2D patterns for various
applications including among others the fabrication of photonic
crystals, quantum dots, and also of submicron-electronic devices.
5.2.1 INTRODUCTION
Fractional Talbot lithography with EUV has several advantages. For example, the short
EUV wavelength reduces the resolution constraints imposed by the diffraction limit as
compared with deep-ultraviolet lithography [2013 ITRS, 2007 Wurm]. Additionally, it
reduces photoelectron scattering in the photoresist, which is a limitation for X-ray
lithography [1995 Okazaki]. The multiplication factor that can be achieved in fractional
Talbot lithography relaxes the mask fabrication requirements regarding the pitch size as
compared with traditional (1x) Talbot lithography [2012 Brose]. Fractional Talbot
lithography has the capability to produce complex 2D patterns, which can potentially be
useful for fabrication of many applications such as photonic crystals, quantum dots and
nano-antennae [2006 Ozbay, 1996 Krauss, 1988 Reed].
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In the previous section, we demonstrated spatial frequency multiplication in onedimension by a factor of 5 using fractional Talbot lithography with coherent EUV
illumination [2014 Kim]. In this section, we extend the method to the two-dimensional
arrays of rectangular structures and analyse achievable frequency multiplication levels and
corresponding depth of field both theoretically and experimentally. For the latter a square
array mask is illuminated by coherent EUV radiation with a wavelength of 46.9 nm
generated by a capillary discharge Ne-like Ar laser.
5.2.2 THEORY AND METHOD
Fractional Talbot effect in 2-dimension
Fig. 5.2.1 illustrates the fractional Talbot lithography approach. While a wafer placed at half
the Talbot distance prints a replica of the Talbot mask, if the wafer is located behind the
mask in the fractional Talbot planes prints of multiplied density of mask pattern can be
obtained.

Fig. 5.2.1 An illustration of the fractional
Talbot lithography arrangement.

Talbot images with Fresnel analysis
The diffraction pattern of a periodic array is defined under the Fresnel-Kirchhoff
approximation. The diffracted light field is calculated as a function of the distance, utilizing
for its evaluation the fast Fourier transform method [2010 Schmidt].
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Fig. 5.2.2 Simulated images of the fractional Talbot
pattern at (a) z = 0 or mask, (b) z = zT/2, (c) z =
1/2.(zT/2) and (d) z = 1/3.(zT/2) with corresponding
multiplications, (a, b) Msf2 = 1, (c) Msf2 = 4 and (d)
Msf2 = 9 respectively.
Fig. 5.2.2 illustrates the calculated images of fractional Talbot patterns generated with a
mask of 5 µm pitch. The different images correspond to the intensity at z = 0 (a), z = zT/2
(b), z = (1/2)·(zT/2) (c) and z = (1/3)·(zT/2) (d) with corresponding 2D spatial frequency
multiplications, Msf2 = 1 (a), Msf2 = 1 (position of intensity pattern is shifted) (b), Msf2 = 4 (c)
and Msf2 = 9 (d) respectively.

Fig. 5.2.3 The calculated DOF for
different opening widths and various Msf
obtained with the Fresnel approach
described in [2014 Kim] [Note: eqn. (5)
refers to eqn. (5.2.1)]
The calculated intensity distributions shown in Fig. 5.2.2 assume a precise distance
between the mask and the image plane (wafer). However, in a practical implementation of
the fractional Talbot lithography, the distance between the mask and the wafer has to be
adjusted within the depth of field (DOF) of the mask. The DOF depends on mask pitch,
illumination wavelength and the desired magnification factor Msf, and is defined as
following:
𝑫𝑶𝑭 =

𝒅𝟐
𝟐𝝀 𝑴𝟐𝒔𝒇 − 𝟏

(5.2.1)
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where d is pitch of the array [1979 Flanders]. The analytical solution in equation (5.2.1),
which is independent on opening width, demonstrates DOF decrease with the increase of
Msf. This correlates with the result obtained in the Fresnel approach for 5 µm pitch and
1 µm opening width, but not for smaller openings, where DOF is not changing
significantly for different magnification levels (Fig. 5.2.3). It is important to note that the
value of DOF can be changed with the different opening width. This is especially
important for 2D patterns, where opening can have different dimension in two directions,
producing complex field distribution both in-plane and in z-direction.
In the experiment, the positioning error, dz has to be controlled within DOF in order
to achieve the fractional Talbot pattern for desired Msf. The z-distance for desired Msf is
given by:
z = z(Msf) ± dz

(5.2.2)

where z(Msf) = p/Msf.(zT/2), p and Msf are same co-prime numbers as in equation (5.2.1).
5.2.3 EXPERIMENT
Talbot mask
A Talbot mask was designed to test the fractional Talbot lithography with a magnification
factor Msf2 larger than 4. The maximum Msf value of the fractional Talbot pattern is limited
by (pitch/width–1), where the width stands for a width of the mask transmissive zone (in
case ‘pitch/width’ is not an integer, counting any fractional remainder as one). Thus, for a
2D array, the limit is Msf2 = (pitch/width–1)2. We designed a mask with a pitch of 5 µm
and the width of the transmissive zone of 1 µm. Thus, the maximum Msf2 is 16.
The mask was designed with a square array formed over an area of 100 µm × 100 µm.
Each square was 1 µm × 1 µm (width) in 5 µm × 5 µm unit (pitch). Low stress Si3N4
membrane (50 nm thickness) samples were manufactured by Norcada Inc., Canada. The
membrane was covered with 130 nm thick gold layer by electron beam physical vapor
deposition (EBPVD). The square aperture array was manufactured by focused ion beam
(FIB) milling of the sample in order to form a free-standing structure.
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Fig. 5.2.4 Fabrication process for
the Talbot mask
Fig. 5.2.4 shows a schematic diagram of the fabrication process. The fabrication of the
2D arrays leads to more stable results than in the case of previously manufactured onedimensional structures [2014 Kim]. In the FIB tool a Gallium probe tip was used to
generate the Ga+ ion beam. The beam current was 80 pA with dwell time of 1 µs during
the process. Due to imperfections of the FIB milling process, the mask pattern that has
been formed consisted of rectangular structures of to 1.1 µm × 1.35 µm size instead of
squares, which limited the achievable multiplication factor to Msf2 = 9 in the experiment.
Fig. 5.2.5 shows the scanning electron microscope (SEM) image of the mask with zoomedin images at the edge of one square aperture at the top-right inset and 3×3 holes section
area at the bottom-right.

Fig. 5.2.5 The Talbot mask for fractional
Talbot lithography that contains freestanding structure in the square array. The
pitch was 5 µm and the width was 1 µm
approximately

Lithography process
The exposure was performed under vacuum, with a background pressure of ~ 10-5 mbar.
Beforehand, a Si wafer was spin-coated with a positive-tone photoresist (poly-methyl
methacrylate, PMMA) with a thickness of about 100 nm and baked at 180° for 2 minutes
on a hotplate. This photoresist sample was located at distances z = (1/3).(zT/2) from the
mask to achieve Msf2 = 9 (Msf = 3). In our experimental system, the absolute positioning of
the wafer with respect to the mask has a limited accuracy leading to deviations of resulting
patterns between experiments. Nevertheless, in a single experiment the relative positioning
is controlled to within 10 nm range. Also the tilt is accurate to within 1 µrad, which is
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precise enough for the purpose of the experiment. The exposure dose was ~ 20 mJ/cm

(approximately 100 laser shots) at an operating frequency (repetition rate) of 1-3 Hz. After
the exposure, the photoresist was developed with MIBK (4-Methylpentan-2-one) : IPA (2Propanol) = 1 : 3 for 45 seconds and cleaned with IPA for 45 seconds.
5.2.4 RESULTS
2D fractional Talbot patterns
The lithography samples were analysed using an atomic force microscope (AFM). Fig. 5.2.6
shows the result of the fractional Talbot lithography that achieved Msf2 = 9 (Msf = 3) with a
corresponding pitch of 1.7 µm × 1.7 µm using the parent mask of 5 µm × 5 µm pitch. In
the figure, the simulated image (a) is compared with the experimental result: top-view (b)
and 3D-view (c). The elongated squares at the mask, as shown in Fig. 5.2.5, produced
elongated squares at the wafer for both simulation and experimental results.

Fig. 5.2.6 (a) Simulated pattern image, (b-c)
lithographic print of fractional Talbot pattern on
the photoresist coated wafer for Msf2 = 9, (b) topview, and (c) 3D-view.
The cross section profiles along red lines in Fig. 5.2.6 (a) and (b) are plotted in Fig. 5.2.7.
The calculated intensity and measured profiles in PMMA are compared in vertical and
horizontal cross sections. A direct comparison between the calculated intensity profile and
the depth modulation of the developed resist shows a good agreement. The absence of fine
structures in the lithographic print appearing in the calculated profile is caused by nonlinearity of the photoresist’s response [1993 Henke].
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Fig. 5.2.7 (a) vertical and (b) horizontal
cross-sections of the calculated intensity
pattern shown in Fig. 5.2.6 (a). (c) Vertical
and (d) horizontal cross-sections of the
printed pattern shown in Fig. 5.2. 6 (b). In
these plots, the zero depth corresponds to
the top surface of the resist.
The error in the wafer positioning produces extra structures in the print. This effect is
evident in Fig. 5.2.6 and Fig. 5.2.7. This inner diffraction fringe structure was observed
because the z-position of the wafer deviated from the set position, z = (1/3)·(zT/2) by “dz”
due to the absolute wafer positioning error, see equation (6). Thus, in fact, the result in Fig.
5.2.5 is a fractional Talbot pattern recorded at z = (1/3)·(zT/2) + 3 µm. Even though the
small details arise in the pattern, however, if dz < DOF, this fringing can be practically
ignored because the further processing to the sample (e.g. etching) can effectively eliminate
these fine structures below the threshold intensity.
Out-of-DOF fractional Talbot patterns
In the previous section, the fractional Talbot pattern achieving Msf2 = 9 is described when
dz is located within the DOF. In this section, we discuss the situation when the pattern is
recorded outside of the DOF. Fig. 5.2.8 shows the calculated patterns located at z-range
between z(Msf=3) and z(Msf=4). Fig. 5.2.8 (a) and (d) are the patterns when z = z(Msf=3) – 1 µm
and z = z(Msf=4) – 1 µm respectively. Fresnel diffraction patterns are formed also in each
square of the fractional Talbot pattern. Fig. 5.2.8 (b) and (c) are images at z = z(Msf=3) –
15 µm and z = z(Msf=3) – 25 µm that are locations between 5.2.8 (a) and (d). As shown in the
figure, there is an intensity modulation between the squares. A clear multiplied pattern can
be seen when dz < DOF as shown in the Fig. 5.2.8 (a) and (d), while the fractional pattern
has been distorted when dz > DOF.
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Fig. 5.2.8 Simulated intensity profiles at several zpositions near z(Msf=3) showing the pattern change as
z moves from z(Msf=3) to z(Msf=4). (a) z = z(Msf=3) – 1 µm,
(b) z = z(Msf=3) – 15 µm, (c) z = z(Msf=3) – 25 µm and
(d) z = z(Msf=4) – 1 µm
Now we present the experimental results confirming these calculations in the case that
dz is out of range of DOF of Msf2 = 9 such as Fig. 5.2.8 (c) using the mask in Fig. 5.2.5. Fig.
5.2.9 marks the z distance from the mask. It shows the fractional Talbot positions with
ticks at 1/4.(zT/2), 1/3.(zT/2) and 1/2.(zT/2) and the corresponding DOF (17.6 µm,
33.2 µm, 88.8 µm as respectively) with blue shadings. The two red arrows are the z
positions used in the experimental demonstrations.

Fig. 5.2.9 z-axis showing z-positions (black ticks)
and the DOF (blue shading) of several Msf, and (red arrows) the z-positions of experimental
samples at z = z(Msf=3) + 3 µm (see Fig. 5.2.6 a), z = z(Msf=3) – 25 µm (Fig. 5.2.8 c)
When dz = - 25 µm (z = 1/3.(zT/2) - 25 µm), which is out of DOF for z(Msf=3), (left red
arrow in Fig. 5.2.9), the result shows the intermediate intensities between the squares,
which is different from pattern recorded at dz < DOF as shown in Fig. 5.2.10. The
calculated image of (a), experimental data with top-view (b) and 3D-view (c) are shown in
Fig. 5.2.10.

The simulated image in Fig. 5.2.10 (a) shows a good agreement with

experimental result in Fig. 5.2.10 (b). Comparing both experimental results in Fig. 5.2.6 and
Fig. 5.2.10, interference fringes appeared inside the array in case of dz < DOF, and the
fringes appeared outside of the array in case of dz > DOF, while a clear spatial frequency
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multiplied (period demagnified) array pattern is achieved at the exact position of dz = 0
from z(Msf).

Fig. 5.2.10 The sample recorded at z = z(Msf=3) –
25 µm, which is out of DOF of Msf = 3 in (a)
simulation and lithographic result in (b) top-view
and (c) 3D-view

5.2.5 DISCUSSION
The experiment demonstrates that making fine-structure patterns using the fractional
Talbot technique is feasible. The quality of the patterns relies on precise positioning control
of the wafer (within a DOF for a particular Msf) as well as on the high contrast of the
Talbot mask and requires the use of highly coherent EUV radiation. The positioning
constraints include tilting and distance control between the mask and the wafer. Choosing
the appropriate z-position of the wafer is important to achieve the desired multiplication
factor. This position has to be controlled within the DOF. The tilting error may lead to a
change of z-position across the wafer, and therefore induces pattern irregularities.
Fractional Talbot lithography allows variation of the structures density at the wafer
using a single mask by changing the mask-wafer distance. This method shows also a path
to reduce the structure size by using of spatial frequency multiplication utilizing shorter
EUV wavelengths. The resolution limit of this technique will be studied by simulations and
in experiments in chapter 7.
5.2.6 CONCLUSION
We have investigated fractional Talbot images for a 2D square array under coherent EUV
illumination generated with a capillary discharge Ne-like Argon laser.

The fractional
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patterns with spatial frequency multiplication up to Msf2 = 9 with corresponding half pitch
of 0.85 µm × 0.85 µm were obtained in the experiment. The depth of field for the
corresponding Talbot planes has been investigated in detail. The images within and outside
of the DOF have been simulated and recorded in experiments. For the investigated arrays
Fresnel fringes were observed within the rectangles in the first case (dz < DOF), while in
the latter (dz > DOF) interference fringes occur between the rectangles. A precise control
of the position and the tilt of both mask and wafer are therefore essential for the
implementation of the method in the Talbot lithography. In addition to that, a highcontrast Talbot mask and coherent EUV radiation are required as well. Fractional Talbot
lithography has potential application in manufacturing of periodic structures such as
photonic crystal arrays, nano antennae, quantum-dot arrays, etc. This technique is
convenient for the patterning of large areas at high resolution and for variation of the
structures density using a single parent mask. We envision achieving higher multiplication
factors for 2D arrays and also array pattern manipulation by shape variation in the near
future. Additionally, the method would benefit from the utilization of shorter wavelength
coherent sources in the vicinity to 10 nm, like the EUV laser systems described in [2010
Alessi].
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5.3 RESTORATIVE SELF-IMAGING OF ROUGH LINE
GRID

Restorative self-image of rough line grids: application to
coherent EUV Talbot lithography
Self-imaging is a well-known optical phenomenon produced by
diffraction of a coherent beam in a periodic structure. The selfimaging effect (or Talbot effect) replicates the field intensity at a
periodic mask in certain planes effectively producing in those planes
an image of the mask. However, the effect has not been analyzed for
a rough-line grid from the point of view of the fidelity of the image.
In this section, we investigate the restorative effect of the self-image
applied to the lithography of gratings with rough lines. The study is
applied to characterize a Talbot lithography experiment implemented
in the extreme ultraviolet. With the self-imaging technique, a mask
with grid patterns having bumps randomly placed along the line
edges reproduces a grid pattern with smoothed line edges. Simulation
explores the approach further for the cases of sub 100 nm pitch
grids.
5.3.1 INTRODUCTION
The quality of patterned structures is important, because it influences the functionality of
the device. The fidelity of the printed pattern is particularly critical in the fabrication of
micro-electronics components.

The microelectronic industry had invested significant

amount of efforts and resources to mitigate this problem, localizing and repairing defects in
the lithography masks. But also in other applications besides the main stream of the
micro-components industry, the quality of the lithography print is instrumental to
successful device fabrication and performance.
Talbot lithography is particularly well adapted to produce high quality lithography prints
with high resolution over large areas. It has been shown that the Talbot effect can
reproduce defect free images from a defective periodic mask. This filtering characteristic
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was identified as a convenient way to improve the quality of the print in a lithography
process [1971 Dammann, 1990 Lohmann]. The defect tolerance characteristic of the
Talbot images is well studied in the bibliography. It was shown that a mask with a periodic
pattern, which is locally damaged, produces a defect-free copy at the Talbot distance. The
effect of a defect on the pattern size around the defect in ArF Talbot lithography was
investigated for submicron patterns [2015 Sato]. In this case, the periodic mask included
regularly distributed defects. On the other hand, it was shown how the presence of
spherical particles behind gratings affects the formation of Talbot self-images [2012
Hofmann]. The tolerance in angles of continuously self-imaging gratings was studied for
non-paraxial illumination both numerically and experimentally [2007 Druart]. Defect
tolerant Talbot imaging was studied for lithography applications with an EUV laser in the
case of masks with complex designs [2009 Isoyan, 2013 Li]. For the particular case of a line
grating, it is increasingly difficult to fabricate a straight-line edge when the pitch is reduced.
Thus it would be worthwhile to analyze the restoration effect of the Talbot image in this
case, quantifying the quality of the replicated pattern for the rough-line grid.
In this chapter, we analyze with numerical simulations and experimental results the
effectiveness of EUV Talbot lithography to improve the lithography print from rough line
grid masks. For the test we used a binary transmission mask fabricated in an opaque
membrane with slits opened through it and a coherent EUV high-photon flux laser. We
observed improvement in the pattern recorded in the photoresist compared with the
original pattern on the mask. We also performed a model calculation of the obtained image
for sub-100 nm pitches and analyzed the limits of the improvement.
5.3.2 SIMULATED DEMONSTRATION
Fig. 5.3.1 illustrates the scheme of the self-imaging effect. When the mask (Fig. 5.3.1 a) is
illuminated by a plane wave, a replica of the mask’s pattern is observed at the Talbot plane
zT (Fig. 5.3.1 b).

For the simulation, a line grid pattern with rough edges was created.

Bumps of ~ 100 nm radius were randomly distributed along the line edges. The size of the
bumps along the edges of the slits that produce the roughness was selected to be bigger
than a cut-off size defined as Δx ≈ λ/2π ≈ 7.5 nm for the wavelength at 46.9 nm. This
selection validates the results of the scalar theory used in the simulations. The distribution
was performed using the random function in Matlab’s built-in functions.
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The diffraction pattern was calculated using the Fresnel diffraction formalism, by the
fast Fourier transform method [1996 Goodman]. The scalar diffraction method assumes
the mask is within the thin mask approximation (TMA). The simulation is performed as a
finite grid of ∆x = 0.5 nm, ∆y = 0.5 nm, over field of 50 µm×50 µm of the mask.

Fig. 5.3.1 Scheme of the self-imaging setup:
(a) Talbot mask and (b) the self-image
produced at a distance zT
Fig. 5.3.2 shows the simulated images of (a) a mask with randomly rough lines, and (b) the
self-image at zT. The minimum dimension of the structures that can be imaged with
sufficient accuracy is:
Δx ≈

1
λ
=
k 2π

(5.3.1)

where the k is the wavenumber.

Fig. 5.3.2 Simulated images of (a) a mask with
randomly rough lines, and (b) the self-image at zT
The simulation shows that the self-image at zT has significantly better quality, in which
the bumps along edges are smoothed out over the grid. As a consequence, the rough lines
were straightened in the self-image. The roughness along an edge was quantified using
standard deviation (σ) defined as:
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1 N
σ=
⋅ ∑ ( x i − x )2
N i =1

(5.3.2)

where N is the number of samplings along a line, and the quantity in the bracket is the
deviation of the edge of the slit from the straight line at the sampling point i. In the case of
the self-image, the deviation of the edge is determined after a binary thresholding of the
calculated image. Consequently, the deviation of the edge depends on the value selected for
the threshold.
Fig. 5.3.3 shows the calculated σ for different threshold values ranging from 0.05 to 0.7.
The calculated σ = 95 nm on the mask (Fig. 5.3.2 (a)) was reduced to σ ≅ 32 nm in the
Talbot pattern (Fig. 5.3.2 (b)). In the analysis, the parabolic curve of σ in the Talbot pattern
occurred due to the irregular intensity distribution of the areal image of Talbot pattern.
When the threshold value is either too high or low, the difference of intensity value
between neighboring xi can be very large. This causes the higher σ values in the areal image
as compared with the value obtained for the mask.

Fig. 5.3.3 The σ values on the self-image
(T) in dependence of the threshold level,
and on the mask (M) in simulation

5.3.3 EXPERIMENTAL DEMONSTRATION
The experimental demonstration was performed with an EUV laser and a transmission
Talbot mask with a setup as following. The transmission mask and the wafer are aligned in
the optical axis as illustrated in Fig. 5.3.1. Monochromatic EUV illumination of wavelength
46.9 nm was generated by a capillary discharge plasma laser [1999 Macchietto]. The
capillary discharge plasma produces a highly spatial and temporal coherent beam well
suited for the application described in this work. The spatial coherence length at the
position where the self image was obtained was around 350 µm, which covered the whole
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area of the mask, assuring a fully spatially coherent illumination. The temporal coherence
of the laser is Δλ/λ ≈ 3.5×10-5. [2001 Liu, 1997 Marconi, 2012 Urbanski]. The exposure
dose at the sample plane was about 0.1 - 0.3 mJ/cm2 per pulse [2013 Li, 2014 Kim].
The transmission Talbot mask was defined using a focused ion beam (FIB) tool to drill
through a low stressed Si3N4 membrane. The same binary file that was used for the
simulation was fed into the FIB to make a more precise comparison between the
calculation and the experimental results. After the milling, the mask was deposited with a
layer of 50 nm of gold to improve the absorption in the EUV. The pitch in the mask was
2 µm, and the slit width was ~ 500 nm in average. The illumination field area of the mask
was 50 µm × 50 µm. Fig. 4 shows the SEM image of the fabricated mask.

Fig. 5.3.4 The free standing transmission mask
having the rough line grid
The depth of focus (DOF) in the Talbot plane is expressed as:

DOF =

2
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& &
#

(5.3.3)

where A is mask field size [1999 Isoyan]. With the experimental parameters used the DOF
is ~ 600 nm for the first Talbot plane, n=1.
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Fig. 5.3.5 Patterned photoresist images by
self-imaging technique: The exposure
dose and the distance cause the different
qualities in the result.
The print was recorded on a silicon wafer spin-coated with 50 nm thick layer of
photoresist (JSR Inc.). During the exposure, the distance from the wafer to mask was
maintained close to the 1st Talbot distance. After the exposure, the exposed photoresist was
developed for 30 seconds and rinsed with 2-Propanol. Fig. 5.3.6 shows SEM images of the
patterned photoresist. The quality of the grid pattern is improved when the wafer is close
to z = zT (a, c) rather than in the case when the wafer is out of focus (b, d). The quality
improvement is significant when the distance is precisely controlled to be the Talbot
distance. The quality also depends on the exposure time, because the threshold of intensity
impacts the development results, as shown in Fig. 5.3.5 (a, c) and (b, d) that the
photoresists were exposed with 75 shots and 110 shots respectively. Fig. 5.3.6 (a) is the
zoomed-in image of Fig. 5.3.5 (c). Fig. 5.3.6 (b) is an AFM image taken at the central part
of sample. The roughness is significantly decreased in the print as compared to the
roughness in the mask.

Fig. 5.3.6 the patterned photoresist measured with
SEM and AFM (right bottom image)
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5.3.4 RESULT AND DISCUSSION

In order to compare the roughness in the mask and the one in the self-image, the
images shown in Fig. 5.3.4 and Fig. 5.3.6 (b) were converted into binary images as shown in
Fig. 5.3.7. In this case, the gray-scale image turns into the binary image by the balanced
histogram thresholding method (BHT). The pixels fall within a desired range of intensity
values, thus the image is divided to black or white from two main classes: background and
foreground [2008 Anjos].

Fig. 5.3.7 (a) the mask image and (b) the selfimage after the binary image conversion

The improvement of quality can be seen in Fig. 5.3.7 (a, b). This apparent improvement
correlates well with the reduction of the σ. Fig. 5.3.8 plots the calculated σ for the mask and
the Talbot image for 18 locations along the edges of the slits. The σ measured in the print
are significantly lower than those in mask. The average values are σ = 88 nm in mask and σ
= 46 nm in the print.

Fig. 5.3.8 σ values in the mask and Talbot
patterns
The σ measured in the experimental result correlates well with the σ obtained in the
simulation assuming a threshold for the binarization in the range 0.15 – 0.3 in Fig. 5.3.3. In
both simulation and experiment, the σ values are reduced by about a factor of 2 or more.
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Simulation for sub 100 nm pitches
We also analyzed the influence of the pitch, the slit width and the σ of the mask on the
quality of the print. The study was completed by measuring the roughness of the Talbot
image obtained with different masks.
First, to evaluate the influence of the pitch, we tested three different masks. The mask
pitches were p = 100 nm, p = 60 nm, p = 30 nm. In those pitches, the roughness was σ =
6.2 nm, σ = 3.9 nm, and σ = 2 nm respectively. Due to the averaging characteristic of the
Talbot effect, the σ in the self-image became σ > 3 nm, σ > 2 nm, and σ > 1 nm
respectively. The σ in the mask (M) and at the Talbot plane (T) for selected pitches are
plotted in Fig. 5.3.9.

Fig. 5.3.9 The simulation result: σ curves in
masks (M) and in self-images (T) for the
pitches of 100 nm, 60 nm and 30 nm
The complete lithography method includes processes that determine the quality of the
print. The printed result is influenced by the photoresist response and the development
process among other factors. However, the analysis presented here with the thresholding
method in the areal image is intended to study only the self-healing effect in the optical
image. As discussed in Fig. 5.3.3, when we assume a threshold around 0.3 the simulation
and the experimental results are in good agreement. Using this value for the threshold, the
parameter σ in the self-image becomes 4 nm, 2.1 nm and 1.1 nm respectively. This
represents a significant improvement of the self-imaging for sub-100 nm pitch gratings.
The roughness is reduced by ~ 50 % for all three masks with different pitches and initial
values of the sigma. Such amount of improvement is expected for all pitches considered in
this analysis.
Second, we tested various mask pitches with identical σ. For this simulation, we used
EUV illumination at 13.5 nm wavelength, which is a candidate for the source of the next
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generation of optical lithography. The pitches selected for this test were 100 nm, 60 nm
and 40 nm, with σ in the three cases fixed at 3.2 nm in the mask. As shown in Fig. 5.3.10
(a), σ in the self-image is decreased from ~ 2 nm to ~ 1 nm as the pitch is increased from
40 nm to 100 nm. Our analysis indicates that the resulting sigma in the Talbot image is
proportional to the ratio of the initial sigma and the slit-width (pitch/2) in the mask. So
that in Fig. 10 (a), the sigma for the mask with a high-density grid is increased in
comparison to the one for the mask with a low-density grid.

Fig. 5.3.10 The simulation results for various
parameters: (a) σ at zT (T) for pitches of 100
nm, 60 nm, and 40 nm when an identical σ
(M) in mask is used, (b) σ at zT (T) for
opening widths of 100 nm, 70 nm, and
50 nm when a fixed 100 nm pitch and
σ = 3.2 nm in mask is used.
Lastly, the slit-width was varied with fixed pitch and σ in the mask. The values of the
slit-width were 70 nm, 50 nm, and 30 nm, with a fixed pitch of 100 nm and a fixed σ = 3.2
nm in the mask. As can be seen in Fig. 5.3.10 (b), the minimum σ values in the self-image
were ~ 0.9 nm. However, the dependence on thresholding is different in the three cases
enabling wider threshold values for smaller slit widths. For example, for σ = 2 nm, the
threshold increases as the slit width or opening width (ow) is decreased as shown in Fig.
5.3.10 (b). This implies that the fabrication requirements can be relaxed with adjustment of
the slit-width. Those results can be of a great interest in nano-patterning, where the lineedge roughness (LER) is one of the significant issues in electronic device fabrication.
5.3.5 CONCLUSION
In conclusion, we have demonstrated a submicron printing technique based on selfimaging and performed a detailed characterization of the quality improvement in the print
relative to the mask. The rough grid pattern on the mask produces a self-image with lineedge roughness reduced by about a factor of 2 for 2 µm to 30 nm pitch gratings. This is
due to the fact that line edges are randomly rough in the mask, which forms a smeared selfimage that averages the roughness effectively reducing the σ. However, it also shows the
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limitation for improvement, because diffraction orders that are mainly influencing the selfimage are limited to ±1st orders [2012 Kim]. In the simulation, the σ is improved in selfimages for sub 30 nm pitch when EUV radiation is assumed in the illumination.

Chapter 6

Partial Coherent EUV Talbot Lithography
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6.1 QUASI-MONOCHROMATIC TALBOT EFFECT

A useful source for the application of Talbot lithography includes EUV radiation generated
by DPP offering the partial coherence optical property and sufficient intensity for
photoresist exposure. The DPP of xenon (Xe) consists of strong emission in the spectral
range between 10 nm – 16 nm corresponding to the ionization states between Xe11+ and
Xe9+. With the gas mixture with Argon (Ar), the spectrum becomes narrow at around 11
nm wavelength, moreover, the spectrum above around 12 nm can be reduced using Nb
filter (~100 nm). Such a spectrum is shown in Fig. 6.1.1. The bandwidth at full-width halfmaximum of the main peak around the wavelength at 10.88 nm is Δλ/λ≈3×10-2. This
radiation could be useful for Talbot lithography with the quasi-monochromatic Talbot
effect near the mask. No complex EUV mirrors are required to get a narrow spectrum.

Fig. 6.1.1 EUV Spectrum emitted by DPP
with Xe/Ar gas mixture
The gas DPP source is spatially incoherent due to the nature of the plasma emission
and the finite source size from the pinching between the electrodes. The spatial coherence
can be improved by increasing the distance between the pinch and the object, because the
coherence length is related to the diameter of the source and the cone angle of the beam.
The use of additional pinholes or slits will improve the coherence if the loss of intensity is
allowed.
Talbot lithography with a DPP source can be efficiently performed when the source,
the mask, and the arrangement with the photoresist are properly matched for the purpose.
The finite size of the pinch causes a lateral shift δ of the interference pattern given by δ =
g(d/D), see Fig. 6.1.2. Clearly, the distance between the source and mask (D), the gap
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between the mask and wafer (g) must be chosen so that the blur δ is small compared with
the line-width of either the fractional Talbot fringe or achromatic Talbot fringe (see
chapter 6.2) to appear clearly [1972 Spears].

Fig. 6.1.2 The schematic of the Talbot lithography using quasi-monochromatic source. The lateral
shift δ = g(d/D) occurred due to the finite size of the source d
The quasi-Talbot effect has been demonstrated for many applications. The optical Talbot
effect with a broadband spectrum is utilized for spectral measurements [2003 Guerineau]
and the temporal and spectral characterization of ultra-short laser pulses [2003 Teng]. The
quasi-Talbot effect was investigated in the deep Fresnel diffraction region [2007 Teng]. The
self-image has been successfully replicated and recorded at the effective Talbot distance
using a broadband hard x-ray beam (Δλ/λ~1) [2010 Kim].
The simulation of quasi-Talbot patterns can be performed with an incoherent sum over
the broad spectral range. The fractional Talbot patterns in the field near the mask are
analyzed in the range between the z=0 (mask) and the 1st Talbot distance. The test mask
consists of a pitch of 2 µm and we observed the fractional Talbot pattern influenced as a
function of the slit-width. Fig. 6.1.3 shows the Talbot images calculated by the scalar
diffraction approach. The broad-band spectrum in Fig. 6.1.1 is used in the calculation. The
interference fringes will be increasingly blurred as a function of the distance (g) until the
number of the Talbot plane N approaches to λ/Δλ. Above the distance N･zT, an
achromatic and propagation-in-variant intensity pattern is observed [2000 Guerineau]. In
this demonstration, N is 33. In the deep Fresnel regime with low N, quasi-fractional Talbot
patterning is possible.
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Fig. 6.1.3 Simulated Talbot images in the range
between z=0 and z=zT for different slit widths of
(a) 250 nm, (b) 500 nm, and (c) 750 nm for same
period of 2 µm
In experimental demonstration, the fractional Talbot patterns were printed on ZEP
photoresist. The exposure time was only a few minutes with the DPP source operated with
the discharge voltage of 5 kV, yielding the dose of around 20 mJ/cm2 at the mask plane.
The experimental masks are fabricated with the focused ion beam milling method. Gold
with thickness of around 60 nm was deposited on a Si3N4 substrate with thickness of
50 nm. The sample was milled completely through both the absorber and substrate.
The photoresist sample was exposed at the distances in the range between z = 0 and the
first Talbot distance, including the fractional Talbot planes for Msf = 2, 3, and 4. Fig. 6.1.4
(a-c) shows SEM images of the masks having various slit-widths of 250 nm, 500 nm, and
750 nm respectively. Fig. 6.1.4 (d-f) shows the AFM images of the printed patterns on the
photoresist, where the proximity gap was around between z=(1/4)･(zT/2) and
z=(1/5)･(zT/2). The distance shift dz from the z=(1/4)･(zT/2) was higher than the DOF
of Msf=4.
In order to obtain the fractional Talbot pattern, the following facts must be considered.
The maximum Msf is limited by the finite slit-width, and the depth of focus is increased as
the slit-width is increased. With these conditions, the demonstration shows the printed
patterns in Fig. 6.1.4 (d, e, f).
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Fig. 6.1.4 Grating masks (2 µm pitch) with
different slit widths (a: 250 nm, b: 500 nm and c:
750 nm) (SEM images), (b) AFM images of the
lithographic samples showing fractional Talbot
patterns
From our experimental results, the printed patterns at other distances from the contact
to the several fractional Talbot distances are plotted in the Fig. 6.1.5 for the masks of
difference slit-widths. The resist profiles for the masks of slit-widths of 250 nm, 500 nm,
and 750 nm are plotted in (a), (b), and (c) respectively in Fig. 6.1.5. The mask with the slitwidth of 250 nm results in the narrow slits on the prints. However, the DOF is relatively
small compared to wide-slit-masks. With the mask with the slit-width of 750 nm, the
demonstration results in the spatial frequency multiplication only up to Msf =2 as expected.

Fig. 6.1.5 The resist profiles exposed
at different distances z for the masks
of difference slit-widths: (a) 250 nm,
(b) 500 nm, and (c) 750 nm

In conclusion, we demonstrated the fractional Talbot patterning with partially coherent
EUV radiation generated by a DPP source with a Xe/Ar gas mixture. The fractional Talbot
patterns are obtained between the contact and the first Talbot plane which is the quasimonochromatic Talbot regime. The demonstration will be useful for applications of DPP
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sources where the quasi-monochromatic regime is required for purposes such as
lithographic patterning, spectrometry, or optical characterization of incoherent sources.
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6.2 ACHROMATIC TALBOT EFFECT

6.2.1 REVIEW OF THE ACHROMATIC TALBOT EFFECT
The self-image is basically a phenomenon of interference of the diffracted beams through
the periodic mask coherently illuminated. Certainly this effect relies on the wave nature of
light that is revealed by the diffraction and interference phenomena. The classical Talbot
effect describes the longitudinal repetition of the grating self-images. The distance is
approximated by zT = 2d2/λ, where λ is the wavelength of the monochromatic plane wave
illumination. The Talbot pattern is repeated in the planes located at distances z = n･zT,
where n is a positive integer.
When the illumination spectrally broadens, which means the radiation spectrum
consists of the spectral lines of slightly shorter and longer than the central wavelength of
spectrum, the Talbot distance is broadened as a sum of zT of particular wavelengths. Then,
the propagation of the intensity pattern becomes nearly propagation-invariant along the zdirection from a certain regime that is given by:
zM = 2d2/Δλ

(6.2.1)

where the Δλ is the temporal width of the spectrum. Such an effect is called the achromatic
Talbot effect [2000 Guerineau, 2003 Guerineau]. In a monochromatic Talbot pattern, the
images are formed not only at every plane at a distance n･zT with positive integer n, but
also at planes of (n-1/2)･zT, laterally shifted for the half of the period of the grating. In
achromatic Talbot pattern both the pattern of grating and the shifted pattern of grating are
formed at a single observation plane. Fig. 6.2.1 illustrates the Talbot pattern along the
propagation direction behind a typical grating produced by monochromatic and by
spectrally broadband radiation.
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Fig. 6.2.1 Talbot self-imaging
effect with monochromatic (left)
and broadband (right) radiation
The achromatic Talbot image is an incoherent sum of field intensities of elementary
monochromatic patterns resulting in two times smaller fringe period (p/2). Fig. 6.2.2 plots
the simulated image of an achromatic Talbot pattern with partially coherent EUV radiation
based on Xe DPP source. This Talbot image was calculated for a mask with a pitch of
30 nm for illumination with a central wavelength at λ=10.9 nm and bandwidth of
Δλ/λ=0.03. The intensity profile along the propagation axis results in an interference
pattern whose envelope encodes the Fourier transform of the spectral distribution of the
light [2000 Guerineau]. The cross-sectional profiles along the propagation axis behind the
absorber, slit, and the location between the absorber and slit are plotted in Fig. 6.2.3 as a
max 1, max 2, and min respectively (also see Fig. 6.2.2). The min value is constant along
the z-axis. The curves of max 1 and 2 are enveloped along the z-axis due to the Gaussian
spectrum of the illumination light. The intensity is increased and decreased around a certain
value as a function of the propagation distance [2003 Guerineau].

Fig. 6.2.2 The simulated achromatic Talbot pattern along propagation direction z
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Fig. 6.2.3 (a) The cross-sectional profiles along the propagation direction z behind the particular
position of absorber, slit, and the location between the absorber and the slit, in the plot, respectively
max 1, max 2, and min (b) the cross-sectional profiles along the x-axis at z=0 (mask), and at z=3zM
(achromatic Talbot distance)
The Talbot pattern at the first zT is nearly equal to the monochromatic Talbot image.
However, the image is smeared along the propagation direction due to the incoherent sum
over the broadband spectral range. The mask period in transverse cross-section becomes a
half at the plane of n･zM. The values of the two maximum intensities converge to a
constant value as a function of the propagation distance as shown in Fig. 6.2.3 (a), the
depth of field of the achromatic Talbot pattern is very large with high-number of n.
The achromatic Talbot effect leads to the lithographic applications of high-density
patterning [2005 Solak, 2006 Solak]. In chapter 7.2, achromatic Talbot lithography will be
discussed for obtaining sub 10 nm resolution.

Chapter 7

Resolution Limit of Talbot Patterning
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7.1 OPTICAL LIMITS OF FRACTIONAL TALBOT
PATTERNING WITH EUV RADIATION

Optimizing optical properties of gratings at a certain illumination
wavelength is crucial to achieve a large number of fractions and high
density patterns in fractional Talbot patterning. In this work, we
study the optical limits of fractional Talbot patterning with coherent
extreme ultraviolet (EUV) illumination using the rigorous optical
wave propagation simulation. Analysis of the Talbot pattern by
varying grating parameters is performed in order to evaluate their
influence on intensity and contrast of the interference fringes. We
observe images with high-density fringes of high quality, resulting in
11 nm half-pitch patterns.
7.1.1 INTRODUCTION
EUV interference lithography has attracted attention to fabricate periodic structures with
high resolution and to study the fundamental optical properties of EUV-matter interaction.
Dual grating EUV interference lithography [2015 Mojarad, 2015 Karim] and single grating
EUV achromatic Talbot lithography [2005 Solak, 2013 Danylyuk, 2016 Brose] have been
demonstrated to achieve high resolution structures in photoresists. Both techniques utilize
transmission gratings that serve as a mask, consist of high-resolution structures and
contribute mainly to the intensity profile that is created in wafer plane. An increase of the
spatial frequency up to two times can be achieved by the utilization of these different
interference schemes.
To achieve a greater demagnification of the mask pitch (period), the fractional Talbot
effect can be utilized. It is capable of obtaining regular intensity profiles of high-density
[1979 Flanders]. This technique requires a very careful control of mask-wafer distance due
to its low depth of field, but it is possible to use the technique to achieve an alternative
periodic structuring with high resolution and more relaxed mask requirements [2014 Kim].
The reduction of the grating pitch by self-imaging of high-order Talbot fringes has been
spatially resolved [1997 Nowak, 2016 Kim]. Also in this approach the master grating’s pitch
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and its slit-width/pitch ratio is mainly contributing to the intensity profile and determines
its capability to achieve highly dense fringes with a large number of spatial frequency
modulations.
The optical properties of the transmission grating at a certain illumination wavelength
need to be optimized to achieve a large number of fractions, especially in a non-paraxial
regime under EUV illumination. The conventional Talbot effect is not valid in this regime.
The electromagnetic theory of Talbot imaging of wave fields diffracted by metallic and
dielectric gratings has been investigated [1993 Noponen]. It was shown that the interplay of
high-diffraction orders impacts the formation of the Talbot image of wavelength-scale
amplitude gratings [2012 Kim, 2012 Hua, 2012 Sato]. In the paraxial regime, the important
parameter of the Talbot mask includes the mask pitch and its slit-width/pitch ratio. Large
numbers of pitch reduction can be obtained with small slit-width/pitch ratios. As the slitwidth becomes narrower, illumination at short wavelengths is required to avoid both the
extinction behind each single slit and the transmission of the absorber. The absorber
thickness is limited by the fabrication process of the mask. Creating masks with high aspect
ratios is challenging, therefore smaller feature sizes necessitate a thickness reduction of the
absorber leading to a reduced mask contrast.
In the non-paraxial regime, the Talbot image has to be obtained with non-paraxial
rigorous calculation. The refractive index and the thickness of the absorber have to be
chosen carefully to obtain a high-resolution Talbot image with high intensity and contrast.
In an experiment, the photoresist as a recording medium needs to be capable of visualizing
the provided intensity profiles. The minimum feature size in the exposure result will be
limited by the photoresists resolution and the resist contrast sets the lower limit for the
acceptable contrast of the intensity profile that leads to a successful resist pattern [1985
Wake].
We study the optical limits of fractional Talbot patterning under EUV illumination with
a rigorous optical wave propagation simulation. Only masks that can be practically
fabricated are considered. Analysis of Talbot patterns with various mask parameters is
performed for EUV illumination that is transverse electric (TE) polarized, monochromatic
and spatially coherent.

110
7.1.2 THEORETICAL REVIEW ON FRACTIONAL TALBOT EFFECT
In the near-field behind a transmission grating illuminated by a plane wave, self-images can
be observed at defined distances behind the mask as discussed in Ch. 5. The minimum
feature size of the print depends on the spatial and temporal coherence of the incident
radiation and its polarization. However, this work focuses on linear polarized coherent
radiation that illuminates several mask features to observe the diffractive nature of the
fractional Talbot images.
In the paraxial regime, the fractional Talbot image, which is the Fresnel image of the
opaque mask, is not significantly influenced by the complex refractive index and thickness
of the absorber. However, sharp fractional Talbot images are not expected to be resolved
unless d/λ≫1 [1993 Noponen]. Moreover, in the EUV spectral range, the refractive index
n is close to unity for most materials, e.g., n of gold = 0.9. The attenuation of the
supporting membrane and the absorbers is not significantly different, not as for a classical
Talbot mask, e.g., kSi3N4/kGold = -0.0093/-0.051 with EUV radiation of wavelength at
13.5 nm, where n = n+ik and k is the extinction coefficient. When increasing the absorber
thickness to increase absorption, the intensity becomes too low to expose photoresists in
lithographic techniques.
Therefore, creating high contrast between membrane and absorber and identifying the
optimal feature size, period, slit-width/pitch ratio and absorber thickness are very
important in order to obtain high-density fractional Talbot fringes of high intensity and
contrast [1997 Nowak, 2004 Mambro].
7.1.3 METHOD OF SIMULATION
In order to obtain a large number of interference fringes and therewith intensity
modulation of high spatial frequency, we force the mask feature size to approach the
wavelength scale. For this purpose, we employ a diffraction analysis using the finitedifference time-domain (FDTD) method for a rigorous electromagnetic field (EMF)
simulation with the simulation tool DrLiTHO [Web DrLiTHO, 2011 Erdmann]. This
method computes the transmitted electric field distribution in the near field. Lateral
dimensions (x, z) are specified on the grid with scale of λ/10. This simulation method is
used to explore the impact of mask geometry and its material properties in the EUV range
on the fractional Talbot patterning.
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Modelling of Talbot masks
In this chapter, we utilize two different types of amplitude grating masks. We consider
Si3N4 membrane supported masks with absorber structures on top and complete freestanding masks consisting just of absorber lines that are not supported by a Si3N4 layer.
Our typical transmission masks consist of high-transmissive membrane materials and a
highly attenuating absorber [2012 Brose].

Fig. 7.1.1 The different schemes of fractional Talbot masks: (a) F-K mask, (b) membrane supported
mask, (c) free-standing mask without membrane support
Fig. 7.1.1 illustrates possible mask geometries for fractional Talbot lithography under
coherent EUV illumination. Whereas in the Fresnel-Kirchhoff approach, the mask is
infinitely thin and completely opaque, as shown in Fig. 7.1.1 (a), the non-paraxial Talbot
mask utilizes a complete two-dimensional (x, z) layout of the mask, consisting of
membrane and absorber layer in case of a membrane supported mask, as in Fig. 7.1.1 (b),
or a free-standing mask without membrane support, as in Fig. 7.1.1 (c). This simulation
uses TE polarized coherent plane illumination.

7.1.4 RESULTS AND DISCUSSIONS
Talbot images depending on the mask layout and composition
The rigorously simulated Talbot images with different schemes of masks differ from each
other in evanescent field intensity, contrast and regularity of fringes, especially for a high
number Msf fractional Talbot pattern.
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Fig. 7.1.2 Talbot images as a function of a distance for different mask layouts: The common
parameters include the illumination of wavelength of 13.5 nm, mask pitch of 300 nm and the slitwidth of 30 nm. (The intensity profiles at the bottom are cross-sections at z(Msf=9) resulting in print
pitch of 33 nm)
Fig. 7.1.2 shows the Talbot image along propagation direction z in the range from mask
z=0 to z=(1/3)･(zT/2). The common features in the masks are the pitch of 300 nm and
the slit-width of 30 nm. In Fig. 7.1.2 (a-b), two different gold absorber thicknesses of 100
nm and 50 nm are used both on top of a Si3N4 membrane with 30 nm thickness. In Fig.
7.1.2 (c-d), the free-standing mask features are deployed in a gold layer (100 nm thickness)
and as a second type of free-standing mask in a Si3N4 layer (500 nm thickness). Overall the
intensity patterns look quite similar but there are some quite important differences when
looking at the details. The intensity profiles at z = (1/9)･(zT/2) (horizontal red line) are
compared at the bottom of Fig. 7.1.2. In case of (a) and (c), the regularity of the intensity
modulation is relatively fine in comparison to the case of (b) and (d) where the Msf = 9 is
hard to distinguish and might be not possible to realize in the experiment.
Spatial frequency multiplication of fractional Talbot pattern
This section shows that the high number of Msf can be obtained when using a low ratio of
slit-width to pitch. However, it is limited by the evanescent field when the slit-width is too
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small in the non-paraxial regime. The test mask to observe the limit of Msf consists of a
pitch of 500 nm and a slit-width of 20 nm. The gold absorber has a thickness of 200 nm on
top of Si3N4 membrane of 30 nm thickness. The illumination wavelength is 13.5 nm
(monochromatic, spatially coherent, TE-polarized). The propagation image of the Talbot
pattern shows fine features of fractional Talbot fringes with Msf as a function of distance,
as plotted in Fig. 7.1.3. Fractional Talbot fringes of more than Msf = 25 are observed in the
simulation result. However, the overall regularity of the fringes in the cross-section profile
is decreased as the Msf increases. The cross-sectional profiles at several Msf are plotted in
Fig. 7.1.4 (a-e). The maximum fractional Talbot image is limited at Msf = 22, with the
corresponding pitch of 22.7 nm (half-pitch ~ 11 nm), as shown in Fig. 7.1.4 (c). For the
experimental realization the intensity profiles on Fig. 7.1.4 (a) and Fig. 7.1.4 (b) might lead
to a successful high-resolution resist pattern. In the case of Fig. 7.1.4 (c-e) there is an
additional overall modulation of the Talbot fringes that will distort the resist pattern,
leading to missing or overexposed regions in the exposure result. This distortion is
increased as the spatial frequency multiplication is increased.

Fig. 7.1.3 The Talbot pattern along
the propagation-axis z behind the
mask consisting of the pitch of
500 nm and the slit-width of 20 nm
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Fig. 7.1.4 The fractional Talbot patterns produced by
the mask consisting of following parameters: pitch of
500 nm, slit-width of 20 nm, Si3N4 thickness of 30 nm,
gold thickness of 200 nm, the Talbot pattern of Msf (a)
Msf = 10 (b) Msf = 16 (c) Msf = 22 (d) Msf = 23 (e) Msf =
25
Fig. 7.1.5 plots the intensity and contrast for the particular profiles of Fig. 7.1.4. The
intensity is average intensity of Imax. The contrast was calculated from the average values of
Imax and Imin, where contrast is given by C=(Imax-Imin)/(Imax+Imin). We analyzed the regularity
of the fringes with variation of Imax, as plotted in the figure as an error bar. A long error bar
implies a large irregularity and therewith indicates a large overall modulation in the Talbot
pattern. The intensity is decreased as Msf is increased, as expected. The contrast also
decreases as Msf increases, but at Msf = 22, it is still more than 0.55, which is sufficient for
the lithographic method.

Fig. 7.1.5 Intensity (I) and contrast (C) in the fractional Talbot pattern as a function of Msf
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Pitch, slit-width, and thickness dependency
We also investigate the fractional Talbot pattern for various pitches, slit-widths and
absorber thicknesses and their influence on intensity and contrast.
First, we tested masks with various pitches of 100 nm, 300 nm and 500 nm with fixed
features of gold absorber of 200 nm thickness on a Si3N4 membrane of 30 nm thickness
and a slit-width of 20 nm. The analyzed plane is at a distance z(Msf=4). Thus, the
corresponding print pitches are 25 nm, 75 nm and 125 nm, respectively. The intensity for
the pitch of 100 nm is greater than for the other pitches, but the regularity is lower than for
the masks of other pitches. The contrast is greater than 0.6 in all cases.

Fig. 7.1.6 Intensity (I) and contrast (C) of fractional Talbot pattern at a distance of z(Msf=4) as a
function of pitch‡‡‡‡
Secondly, various slit-widths from 10 nm to 25 nm are analyzed with the mask
consisting of the common features of gold (thickness = 200 nm), Si3N4 thickness of 30 nm
and a pitch of 100 nm. The analyzed image plane was at z(Msf=4), which results in a pitch of
25 nm in all cases. In this case, the influence of the evanescent field is significant in the
results, especially when the slit-width becomes narrower. For the mask of 10 nm slit-width,
the intensity is significantly reduced, but the contrast is very high. There is a tendency of
increasing intensity as the slit-width widens. Interestingly, the irregularity is higher with a

The increase of intensity with the decrease of mask pitch is occurred due to the fact that the
overall slit area is increased as the pattern density is increased. The decrease of contrast with the
increase of mask pitch is connected to the fact that Imax is decreased.

‡‡‡‡
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slit-width of 20 nm than with any other layouts of the mask. Therefore, the slit-widths of
15 nm and 25 nm are good candidates with respect to the three aspects of intensity,
contrast and regularity. Since the intensity can be compensated by just longer exposure
times the slit-width of 15 nm with a contrast of almost 90% seems to be a good option
when fabricating a transmission mask.

Fig. 7.1.7 Intensity (I) and contrast (C) in the fractional Talbot pattern dependent on slit-width
Third, we investigate the masks with various thicknesses of absorber with fixed
parameters of pitch of 100 nm, slit-width of 20 nm, Msf = 4, and Si3N4 membrane
thickness of 30 nm. As expected, the intensity decreases as the thickness increases as
shown in Fig. 7.1.8. It can be explained with the fact that the thicker opening tunnel (slit)
reduces more the intensity of transmitted light, resulting in the evanescent field in the
Talbot pattern as a function of distance. The regularity is decreased when using thin mask
below 70 nm due to the high transmission through the absorber. The weak field passing
through the absorber interferes with the main diffractive field. Interestingly, the contrast is
not significantly different as the thickness changes. Comparing thicknesses of 110 nm and
130 nm, the regularity and intensity are better for the thickness of 110 nm while the
contrast is better for the thickness of 130 nm. The complicated behavior of contrast as a
function of the thickness might be caused by additional factors such as optical waveguiding effect in the structure of high aspect ratio between opening width and the thickness.
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Fig. 7.1.8 The influence of absorber thickness on the intensity (I) and contrast (C) in the fractional
Talbot pattern
A critical issue in fractional Talbot lithography is the short DOF. The photoresist layer
on the wafer has to be located within the DOF. The DOF is determined from the crosssectional profiles along the z-axis behind the slit (Fig. 7.1.9), the DOF for Msf = 4 or Msf =
2 is only 30 nm or 67 nm, respectively. Wafer positioning with less than 1 nm precision is
required in this case. Also the resist thickness has to be taken into account to achieve a
homogeneous height profile.

Fig. 7.1.9 The depth of field for the print pitch of 25 nm and pitch of 50 nm obtained for Msf = 4
and Msf = 2, respectively
Summarizing, there are tendencies of optical properties of the fractional Talbot pattern
to depend on the mask layout geometry. The intensity decreases as slit-width decreases and
the contrast decreases as the Msf increases. However, some cases demonstrate
extraordinary optical properties outside of this tendency. Therefore, a mask layout has to
be optimized for specific purposes. Nevertheless, the tested layouts in this work suggest
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good examples of the mask designs in order to achieve high-density fringes in fractional
Talbot lithography. The contrast of fractional Talbot patterns is approximately twice higher
than that of achromatic Talbot patterns [2013 Danylyuk]. Fractional Talbot lithography can
be a good alternative to achromatic Talbot lithography, but necessitates even higher degree
of control over the proximity gap.
7.1.5 CONCLUSION
Fractional Talbot patterning is studied in a non-paraxial regime. The optical properties of
the fractional Talbot image are found to be significantly influenced by the layout of the
mask. We utilized a rigorous diffraction simulation to obtain the images with fine details to
see the influences of different mask parameters. The dependencies of intensity, contrast
and regularity are analyzed depending on pitch, slit-width and absorber thickness. Because
EUV radiation interacts strongly with most materials, each particular mask layout has a
different fractional Talbot image. However, we observe images with high-density fringes of
high quality with this method, resulting in patterns with half-pitch of 11 nm. Future work
includes how the contrast and the intensity of fractional Talbot images using phase shift
masks can be improved.
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7.2 ACHROMATIC TALBOT PATTERNS OF HIGHRESOLUTION

Scalability limits of the Talbot lithography with plasmabased extreme-ultraviolet sources
Lithography has been faced with a challenge to bring the resolution
down to the 10 nm level. One of the promising approaches for such
ultra-high resolution printing is the self-imaging Talbot lithography
with EUV radiation. However, as the size of structures on the mask
approaches the wavelength of the radiation, diffraction influence
needs to be evaluated precisely to estimate the achievable resolution
and quality of the patterns. In this chapter, the results of FDTD
simulations of the diffraction on EUV transmission masks in
dependence on the period (pitch) of the mask are presented, with the
aim to determine the resolution that can be realistically achieved with
the EUV Talbot lithography. The modeled experimental setup is
utilizing partially coherent EUV radiation with a wavelength of
10.9 nm from a Xe/Ar discharge plasma EUV source and a Ni/Nbbased amplitude transmission mask. The results demonstrate that the
method can be used to produce patterns with resolution down to
7.5 nm half-pitch with 2:1 mask demagnification utilizing the
achromatic Talbot effect and TE polarized light.
7.2.1 INTRODUCTION
Due to a limited availability of laboratory scale EUV sources and usually high coherence
requirements for interference, the available setups for EUV-IL [2007 Ritucci, 2007
Wachulak, 2009 Auzelyte, 2009 Jiang, 2010 Fukushima] are mostly utilizing synchrotron
radiation, which increases their operational costs and limits accessibility. During the last
decade a number of interference schemes were investigated at these setups, including Lloyd
mirror [2007 Wachulak, 2009 Parisse, 2010 Wachulak], single grating [2009 Auzelyte, 2010
Saib, 2010 Fukushima, 2011 Paivanranta, 2011 Urayama, 2012 Langner] and double grating
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[2007 Naulleau, 2008 Shiotani, 2009 Smith] schemes. All of them have rather high
requirements on spatial and/or temporal coherence, making them very inefficient for use
with available high power laboratory sources.
One can, however, utilize Talbot self-imaging effect to produce an interference pattern
with relatively low requirements on coherence, especially in the case of sub-50 nm half
pitch structures [2005 Solak]. Moreover, it was shown that it is possible to de-magnify
mask structures for up to a factor of 2 illuminating the mask with a broadband radiation
[2006 Solak] without additional optical elements.
This approach allows one to minimize usually huge losses in the optical system and
relaxes the requirement on the manufacturing resolution of the required transmission
masks. The method was successfully demonstrated with synchrotron radiation [2006 Solak],
and is a very promising candidate for high resolution printing of periodic arrays with
laboratory sources.
However, the de-magnification of the method is limited to a factor of two and it is not
clear whether this approach is scalable to sub-10 nm resolutions. As the size of structures
on the mask approaches the wavelength of the radiation, the diffraction influence needs to
be evaluated precisely to estimate the achievable resolution and quality of the patterns
[1993 Noponen, 1999 Wolf].
In this chapter, the results of analytical and numerical analysis of the scalability of
Talbot lithography with EUV radiation are presented with a focus on application of the
method with partially coherent high power laboratory sources.
7.2.2 TALBOT SELF-IMAGING EFFECT AND ITS APPLICATION TO LITHOGRAPHY
Even though Talbot discovered his effect with polychromatic light, most of the
experimental research was performed with monochromatic sources that allowed well
defined Talbot patterns to be obtained. It was not until 2000 that it was theoretically and
experimentally demonstrated [2000 Guerineau, 2003 Guerineau] that with the help of
broadband illumination of spectral bandwidth Δλ, an achromatic and propagation-invariant
pattern can be obtained.
The period of the resulting in-plane patterns for one dimensional gratings with
rectangular and sinusoidal transmission profiles was found to be two times smaller than the
period of the grating itself. However, the peak intensity of the patterns decreased to
approximately a quarter of the incoming intensity. The resulting theoretical contrast of the
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patterns has decreased below 40% for both rectangular and sinusoidal transmission
gratings.
First application of this method for EUV-IL was reported in 2005 [2005 Solak], where
it was successfully applied to produce 50 nm half-pitch patterns from a 100 nm half pitch
transmission mask using synchrotron radiation. The approach was later expanded to allow
large area structuring [2012 Wang]. Elsewhere, the Talbot effect was also applied to
structuring of high resolution patterns of complex geometry [2009 Isoyan, 2011 Urbanski].
The linear scaling of the minimal required spatial coherence length with the period of
structures on the mask opens a window of opportunity for plasma based partially coherent
EUV sources. Their practically achievable spatial coherence values in the range of several
to several tens of micrometers, which satisfies the requirements for Talbot structuring of
patterns with sub-200 nm periods.
The open question, however, is whether this approach can be scaled down to sub10 nm structuring. The approximations taken within the analytical theories are no longer
valid when the size of the structures on the mask starts to be comparable with the
wavelength of radiation, i.e. when the boundary influence cannot be neglected in the
description of diffraction. Moreover, the analytical theories cannot reliably take into
account the influence of polarization, the properties of absorber and the complex mask
geometry. Therefore, we employed Maxwell’s equations solver utilizing finite-difference
time-domain method (FDTD) [2000 Erdmann] to investigate the scalability limits of EUV
achromatic Talbot lithography.
7.2.3 METHODOLOGY
In FDTD method optical properties of the mask and the electric and magnetic field
components are defined on a grid. In the following simulations [Web DrLiTHO], a cell
size in the solver was set to λ/15, which provides better than 2% accuracy and the
integration time was varied to achieve required convergence in all simulations.
The parameters of the lithography system in the simulation were chosen according to
the parameters of high power discharge plasma EUV sources [2009 Bergmann] and
recently developed transmission mask technology [2012 Brose].
For simulation of the broadband Talbot effect a Xe/Ar mixture spectrum with a peak
at 10.9 nm and a 3.2% bandwidth from a laboratory EUV source was used (Fig. 7.2.1). In
order to achieve a stable result, the broadband spectrum has to be approximated with a
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sufficient number of weighted monochromatic waves. In this work, the experimental
spectrum form was approximated with ~ 100 wavelengths with 0.02 nm steps.

Fig. 7.2.1 The EUV broadband spectrum produced by
laboratory source used for simulations
A crucial element for such simulations is the transmission mask. A simulated mask
layout is shown in Fig. 7.2.2, repeating the design developed in [2012 Brose]. The intensity
of the incident light is set to unity and the extinction coefficient of the membrane is set to
0, so the light intensity stays unity at the plane of conjunction between membrane (Nb) and
absorber (Ni). The thickness of the absorber is 100 nm and is kept constant in all
simulations.
Fig. 7.2.2 The mask layout used in simulations. Optical parameters
used: niobium (Nb) membrane n = 0.96228, nickel (Ni) absorber:
n = 0.95627 – i.0.04792 at 10.9 nm, where n is real and imaginary
part of the refractive index [Web Henke]
The period of the pattern on the mask was varied from 10 to 100 nm, corresponding to
half-pitch range between 5 and 50 nm. The space to pitch ratio (see Fig. 7.2.2) was set to
0.5 for all simulations except for studies of the influence of the ratio on the pattern’s
quality.
The FDTD simulations were performed for both transverse electric (TE) and
transverse magnetic (TM) polarizations of the incoming radiation. The TE polarization
describes linearly polarized light with an electrical field vector directed perpendicular to the
plane of incidence, which is defined by vector normal to the plane of the grating and the
gratings vector (see Fig. 7.2.3).
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Fig. 7.2.3. Scheme of the setup for polarization
dependent simulations
In the case of the TM polarization the magnetic field is transverse to the plane of
incidence and the electric field vector is in-plane. Un-polarized radiation was simulated by
summing and averaging over intensities produced by both polarizations. The Cartesian
coordinate system in the Fig. 7.2.3 describes coordinates used in the presentation of the
simulation results. Here z-axis describes distance from the mask in the propagation
direction, with zero positioned at the top of the absorber layer.
The contrast was calculated in the resulting aerial image. For the cases where patterns
with several peaks of different intensities were observed, the intensity of the lowest peak
was used for the calculation of the contrast.
7.2.4 RESULTS AND DISCUSSION
Monochromatic illumination
The first set of simulations was conducted to investigate the scalability of monochromatic
Talbot lithography. In this case there is no period demagnification, but pattern contrast
values are expected to be significantly higher than in broadband/polychromatic case.
A typical simulated Talbot pattern is shown in the Fig. 7.2.4 for three different
polarization cases.
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Fig. 7.2.4. Monochromatic Talbot patterns for 15 nm half-pitch for TE (left), TM (middle) and unpolarized (right) radiation.
First thing to note is that the non-shifted Talbot planes are almost absent in the case of
TM polarization (Fig. 7.2.4 middle). This means that for non-polarized light, represented
here as an average sum of TE and TM polarized intensities there will always exist a
difference in intensity of shifted and not shifted Talbot planes. The dependence of Talbot
effect on polarization has attracted considerable attention recently [2006 Lu, 2008 Zheng,
2010 Teng]. It was shown that the difference between TM and TE polarization becomes
more pronounced for periods comparable to the wavelength of radiation, with TM mode
vanishing completely when λ = d [2010 Teng]. In the case of EUV transmission gratings,
the thickness of the absorber is normally significantly larger than the wavelength. This may
explain the differences observed in diffraction of the TM mode in our simulations in
comparison with the results of other authors, performed for gratings significantly thinner
than wavelength. Detailed analysis of the polarization dependence will require simulation
of different mask designs and will be topic of a future work.
The EUV radiation is relatively easy to polarize by using reflection off a multilayer
mirror under Brewster angle [1986 Khandar]. In fact, in many practical EUV systems the
radiation is reflected off at least one multilayer mirror before reaching a mask, so, at least in
the case of one-dimensional grating, it is possible to realize a TE-mode of illumination.
In this case, the resulting patterns demonstrate excellent contrast all the way down to
10 nm half-pitch (Fig. 7.2.5). The contrast of monochromatic Talbot planes almost does
not change until 20 nm half pitch, where it starts to decrease and reaches 70% at the lowest
half pitch investigated. The intensity at maximum decreases steadily with pitch size, with
accelerated drop below 20 nm half-pitch.
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Fig. 7.2.5 Intensity and contrast curves as a
function of the half pitch of mask under
monochromatic

illumination

with

TE

polarized wave at 10.9 nm wavelength; The
ratio of space to pitch was kept at 1:2.
It is possible to increase the peak intensity by increasing the opening’s size on the mask,
while keeping the pitch constant. The results of simulation for 30 nm half-pitch are
presented in Fig. 7.2.6.

Fig. 7.2.6 Simulated intensity profiles (left) and dependence of maximal intensity and pattern
contrast on the ratio of the space to pitch (right)
One can see that increasing the space between the lines above 30 nm helps to increase
the intensity, but also leads to the loss of contrast in the image. Still, even for 50 nm spaces
the theoretical contrast is above 87 % with more than 28 % increase in intensity in
comparison with 50% fill factor gratings, which would allow for significantly higher
throughput. At the same time, the increase of the absorber width beyond 50% fill factor
decreases the maximal intensity without benefiting the contrast.
Broadband illumination
The broadband illumination is represented in the simulation as an incoherent sum of
weighted intensities of monochromatic waves. The shorter wavelength yields a longer
Talbot distance, while the longer wavelength yields a shorter Talbot distance. As a result,
the different wavelengths mix and form a constant intensity along the propagation axis
starting at a specific distance (Talbot mixture length, zM) [2000 Guerineau].
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The simulated propagation for 15 nm half pitch grating is shown in Fig. 7.2.7 for
polarized and un-polarized light. Interesting to note that even though the mixture starts to
happen at around the distance zM=5.1 µm, the stability of patterns improves with further
increase of the distance. The aerial image cross-sections that are shown in the Fig. 7.2.8 for
TE polarized and un-polarized light were obtained at a 6 µm distance, which is maximal
simulated distance for this period.

Fig. 7.2.7 Achromatic Talbot patterns with TE, TM and un-polarized illumination (left to right) for
15 nm half pitch grating

Fig. 7.2.8 The cross-sections of aerial images for
achromatic TE and un-polarized illumination at
a distance of 6 µm from the grating. The
resulting aerial image half pitch is 7.5 nm
As predicted analytically, the doubling of the frequency at this plane is visible,
demonstrating 7.5 nm half pitch patterns in the achromatic Talbot region. On the other
side, the contrast of the patterns in the case of un-polarized illumination is already below
the Rayleigh resolution limit of ~13%.
Since lithography requires sufficient contrast for the image converting to the patterns in
resist, the study of the contrast and maximal intensity in dependence on the pitch size was
performed. The results are presented in the Fig. 7.2.9.

127

Ch. 7 Resolution Limit of Talbot Patterning

Fig. 7.2.9 Contrast and maximum intensity
of achromatic Talbot patterns at the plane
of zM as a function of the half-pitch on the
mask. The resulting half-pitch in the aerial
image is a half of the masks half pitch
The gradual decrease of the maximum intensity and contrast with half pitch reduction
on the mask is clearly visible. The contrast of the areal images is significantly lower than in
the case of monochromatic Talbot printing. Using TE polarized light the contrast above
~16% can be maintained down to 15 nm half pitch on the mask, which corresponds to 7.5
nm half pitch on the wafer. For the investigated mask design this is realistically the
resolution limit for broadband Talbot lithography at this wavelength. Interesting to note
that simulations for 5 nm half pitch on mask have not revealed any demagnification effects
in the achromatic Talbot region and only 1:1 self-images of the mask were observed with
very low intensity and contrast. §§§§ For large pitches the contrast and intensity are
increasing. Due to memory limitations it was not possible to calculate the propagation
beyond 6 µm distance after the mask, which is smaller than corresponding zM distance. For
25 nm half pitch it was possible to extrapolate the propagation pattern to zM, yielding
contrast of 40.8% and peak intensity of 0.69 for TE polarized light.
Moving the wafer closer to the mask one can also expose the wafer in the quasimonochromatic Talbot planes even with broadband illumination (see Fig. 7.2.7). In this
case the pattern will be transferred from the mask without demagnification and with very
narrow depth of field, but with significantly higher contrast.
The results of contrast and intensity simulation at the first Talbot plane can be seen in
Fig. 7.2.10. In this case the contrast for TE polarized light for 8 nm half-pitch patterns is
above 41% but drops below 10% for the 5 nm half-pitch 1:1 printing. The peak intensity

The unrevealing of the de-magnified pattern in the achromatic Talbot region for mask half pitch
below 5 nm may be caused by the fact that in the simulation the intensity difference between the
Imax and Imin is not distinguishable, not because of the physical reason but because of the
resolution of calculation in the simulation.

§§§§
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also decreases rapidly going into sub-wavelength half-pitch sizes, which, in turn, will
increase the required exposure time for such structures.

Fig. 7.2.10 The contrast and intensity
curves at the first Talbot plane in
dependence on the half pitch on the
mask
One should not forget that in this case the wafer should be in the sub-micrometer
proximity to the mask, which is difficult to realize reliably and the mask should be
manufactured with the same resolution as the targeted wafer structures.
7.2.5 CONCLUSION
In conclusion of this chapter, we have theoretically investigated the scalability of Talbot
EUV lithography with laboratory EUV plasma sources. FDTD simulations have
demonstrated that the structuring with monochromatic and achromatic Talbot lithography
can be effectively used with amplitude transmission masks. It was shown that with
broadband illumination of a gas discharge plasma source it is possible to utilize achromatic
Talbot effect to achieve 2:1 demagnification of masks period. The contrast and intensity of
the resulting aerial image were shown to decrease with reduction of the pitch size. The
practical resolution limit in the achromatic Talbot regime was estimated to be at 7.5 nm
half pitch for TE polarized illumination for the given wavelength of light. 1:1 printing in a
monochromatic Talbot configuration allows for higher contrast at small pitches but it is
harder to realize experimentally due to higher requirements on masks resolution and
smaller required distance between a mask and a wafer.
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7.3 TALBOT CARPETS IN NANO-SCALE

Single exposure imaging of Talbot carpets and resolution
characterization of detectors for micro- and nano- patterns
In this section, we demonstrate a self-imaging technique that can
visualize longitudinal interference patterns behind periodicallystructured objects, which are often referred to as Talbot carpets.
Talbot carpet is of great interest due to ever-decreasing scale of
interference features. We demonstrate experimentally that Talbot
carpets can be imaged in a single exposure configuration revealing a
broad spectrum of multi-scale features. We have performed rigorous
diffraction simulations for showing that Talbot carpet prints can
produce ever-decreasing structures down to limits set by mask
feature sizes. This demonstrates that large-scale pattern masks may be
used for direct printing of features with substantially smaller scales.
This approach is also useful for characterization of image sensors and
recording media.
7.3.1 INTRODUCTION
We present a submicron patterning method for optical Talbot carpet in a single exposure
configuration. We also demonstrate a rigorous simulation for Talbot carpet in nano-scale.
In principle, the Talbot carpet originally has an analogy in quantum physics referred to as
the “quantum carpet”, which describes the behaviour of localized wave packets, which
undergo revivals in time [2000 Friesch]. The Talbot carpets are also found in atomic
physics [1995 Chapman], in plasmonics [2007 Dennis, 2009 Cherukulappurath], and
especially in wave propagation in coherent optics.
A Talbot carpet of light is a longitudinal section (in direction of propagation) of the
interference pattern behind a 1-dimensional transmission grating illuminated by a coherent
plane wave. An image of the Talbot carpet contains fractional profiles of a master grating
at rational multiples of the Talbot distance. It also contains profiles of fractal Talbot
patterns at irrational fractions of the Talbot distance [1996 berry, 2001 berry, 2012 Segev].
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Accordingly, the Talbot carpet is highly interesting since the scaling down of feature size is
among the critical issues and challenges for submicron to nano-patterning [1965 Moor,
2013 ITRS].
In a Talbot image, the repeating patterns are not only seen at positive integer multiples
of the Talbot length, n.zT, but also at fractional intervals, {(p/q).zT/2}, where p and q are
co-prime positive integer numbers [1996 Berry, 1992 Latimer, 2006 Rosu]. While fractional
Talbot patterns are cross-sections of intensity distribution orthogonal to the light
propagation axis, patterns at the plane containing the optical axis are referred to as a
“Talbot carpet” or “carpet of light” [2001 Berry].
The visualization of the optical Talbot carpet is usually performed by computer
integration of images recorded by a digital camera at different distances from the grating
[19997 Nowak, 2009 Case, 2000 Guerineau, 2003 Guerineau]. However, in order to obtain
the image of the Talbot carpet, a large number of such high-resolution images is required.
First, the measurements were done in the visible spectral range and with a large period
grating, which made the measurement simpler. Particularly, in the case of submicron
gratings, the spatial resolution of optical detectors is not sufficient, so a good way to image
the pattern is to record each plane by exposure of photo-sensitive materials such as
photoresists [2015 Mojarad]. However, this is a tedious and time-consuming procedure
requiring repeated nano-meter precise positioning of the photoresist plane. Therefore, we
consider a single exposure imaging method that can record the high-resolution structure of
Talbot carpets over a wide range of propagation distances without missing image planes,
which can also become a fundamental technique to investigate and utilize the nano Talbot
carpets.
In simulation, we study further for a non-paraxial case of Talbot pattern employing
finite-difference time-domain (FDTD) simulation by the “DrLitho” simulator [2006
Erdmann, 2013 Danylyuk]. In this demonstration, extreme ultraviolet (EUV) radiation is
used, which can be realized lithographically [2005 Solak]. We analyse image properties
especially in the rational and irrational intensity profiles in the Talbot carpet. The
simulation results show the single exposure configuration for a Talbot carpet can produce
ever-decreasing periodicities in the nano-scale down to the diffraction limit in intensity
profiles.
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7.3.2 ANALYSIS OF TALBOT CARPET
Images of Talbot carpet
As mentioned, the Talbot pattern is a Fresnel image that can be calculated by the angular
spectrum representation within Fourier optics [1996 Goodman]. This solution is valid
under the paraxial approximation when d2/z > λ. The intensity distribution behind a
grating is shown in Fig. 7.3.1. The initial intensity distribution is considered as a binary
transmittance, u(x, z=0) = 1 within the opening and u = 0 within the absorber line (slit
width = 0.1 × period), where x is the coordinate perpendicular to the grating rulings and z
is the axis of the illuminating light-wave propagation. The object is assumed as an ideal
binary periodic grating that is infinitely repeated along the x- and y- axes. The Talbot
pattern is formed behind this object through the space.

Fig. 7.3.1 Talbot pattern behind a grating in space under coherent plane illumination from top:
Traditional Talbot carpet is seen in x-z plane. Both diagonal cross-sections display (a) Talbot carpet,
and (b) a pattern consisting of various pitches.
Considering the diagonal cross-sections through the 3-dimensional (3D) image of the
Talbot pattern, such a cross-section as shown in Fig. 7.3.1 (a) shows the Talbot carpet
stretched in the z-direction in comparison to the conventional Talbot carpet formed just in
the x-z plane. This diagonal cross-section contains the complete Talbot carpet, because all
details of the intensity distribution at each z-position are included in those tilted 2D images
(diagonal cross-section in Fig.7.3.1 (a)). In the space of the Talbot pattern, another diagonal
cross-section in Fig. 7.3.1 (b) is the line-and-space image rather than the traditional Talbot
carpet image, which consists of gradually smaller (or bigger) pitches between neighbours.
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Single exposure imaging of Talbot carpet
The method uses a fact that the Talbot carpet is actually located over x-, y-, z-axes, while
the conventional method is to scan the profile in the x-axis through the propagation axis as
mentioned (see the axis definition in Fig. 7.3.2). Here we use diagonal cross-sections in the
3D Talbot pattern to obtain a full image of the Talbot carpet. The object in this case is an
ideal binary line-space grating, which is infinitely repeated with a certain period. The object
has no variation along the y-axis, and so for the interference image behind the grating, no
intensity change exists along the y-axis, while the intensity is modified along the x-axis.

Fig. 7.3.2 The geometrical concept
of the single exposure imaging of
Talbot carpet
Thus, in the x-y plane at any Talbot distances (z = n.zT, n is positive integer), a crosssection at y = y’ (any value) is identical. A diagonal plane placed with one side at a Talbot
plane (z = n.zT) and with its other side at the following Talbot plane (z = (n+1).zT) with any
different y-position as shown in Fig. 7.3.2 contains full information about the Talbot
pattern. Therefore, a Talbot carpet can be constructed from the image recorded by a planar
detector such as a digital camera or photoresist coated wafers positioned diagonally in the
single exposure configuration.
7.3.3 RESULTS
Experimental demonstration: imaging of the Talbot carpet
In this section, we demonstrate imaging of Talbot carpets in experiments. The exposure
was performed with plane wave illumination generated by a highly coherent HeNe laser (λ
= 632.8 nm). The incident beam has illuminated a transmission mask that is a laser-milled
steel grating consisting of 60 µm pitch and 10 µm slit width. The grating field size in the
mask was 10 mm × 10 mm. A high-resolution complementary metal–oxide–semiconductor
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(CMOS) image sensor was used to detect the image. The resolution of the image sensor is
1280 × 1024 pixels in 6.6 mm × 5.3 mm area. Fig. 7.3.2 displays the experimental setup
showing configuration of the grating mask and the detector. The detector plane was
aligned diagonally as in Fig. 7.3.1 (a) with an angle of around θ = 45°.
Fig. 7.3.3 (a) shows the result where the Talbot carpet is obtained by the single
exposure configuration. The image is recorded in z range between z=zT and z=2.zT, which
corresponds to a full Talbot period. The intensity discontinuity in the middle of Fig. 7.3.3
(a) occurred due to repositioning of the detector that covers a half of the zT (~1 mm).

Fig. 7.3.3 (a) The experimental image of Talbot carpet, (b) the simulated image of Talbot carpet and
the intensity profiles of (c) experimental and (d) simulated data at several fractions of the Talbot
distance.
The resulting image is stretched in propagation direction due to the tilt in comparison
to the traditional Talbot carpet formed in the x-z plane. The stretched length (Talbot
period) in the tilted plane is magnified by 1/sinq, where q is an angle of the detector plane
from grating plane. Thus the period of Talbot carpet (zT) becomes {zT/sinq} in the
detector. Intensity profiles of the Talbot carpet in experiment and simulation are plotted in
Fig. 7.3.3 (c) and (d) respectively. The spatial frequencies of particular patterns exhibit
integer multiples of that of master object at {z=(1/M)(zT/2)}, where M is a positive integer,
which corresponds to spatial frequency multiplication.
This method allows characterizing the capability of detectors particularly in terms of
resolution. In this demonstration, we used a conventional CMOS imaging sensor, which
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consists of ~ 5.2 µm period between photodiodes. However as can be seen in Fig. 7.3.3 (c),
the detector can distinguish the intensity profile up to M=3, while simulation performs up
to M=4. It implies that the resolution of the detector is around 20 µm. In principle, at least
three pixels are required to detect a pitch, which corresponds to 15.6 µm, but imperfect
grating features affect the image contrast. Thus, resolution can be smaller than 20 µm, but
not smaller than 15 µm as in theory. The visibilities for intensity profiles in the experiment
are compared with the ones in simulation where visibility is defined as: {V=(IMAX IMIN)/(IMAX + IMIN)}. Visibility in the experiment (V1) is decreased in comparison with
visibility in the simulation (V0) over fractional Talbot patterns. Thus, detection error (%):
{(1-V1/V0)×100} is increased as M is increased as shown in Fig. 7.3.4. The error is nearly
40 % for 30 µm period pattern.

Fig. 7.3.4 Visibility errors by detector
for fractional Talbot patterns
While the Talbot carpet is visualized with a detector positioned perpendicular to the
rulings and tilted in the y-z plane as shown in Fig. 7.3.1 (a) for a horizontal grating, on the
other hand, another pattern can be observed with a detector positioned parallel to the
rulings and tilted in the x-z plane as shown in Fig. 7.3.1 (b) [1988 Thomas]. Such a result
obtained in our experiment is presented in Fig. 7.3.5 (a). The cross-sectional curves (1D
profile) of the tilted image (2D image such as a diagonal section in Fig. 7.3.1 b) are
displayed in Fig. 7.3.5 (a) in the range of a half Talbot distance. This profile exhibits various
gaps between the peaks through the groove. The gradually increased or decreased gap
through the groove is seen in a line-art profile as shown in Fig. 7.3.5 for simulation (top)
and experiment (bottom), while the profiles of the fractional Talbot pattern show a regular
gap as shown in Fig. 7.3.3 (c, d). The gaps (peak to peak) are magnified by (1/sinq) in
comparison with the gaps in fractional Talbot intensity profiles due to the broadening by
tilt.
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Fig. 7.3.5 Intensity profiles along the groove in the diagonal cross-section in Fig. 7.3.1 (b) in
experiment (top) and in simulation (bottom)
Talbot carpet in nanoscale: FDTD simulation
In this section, we demonstrate FDTD simulations with EUV radiation at 13.5 nm
wavelength in order to observe the smallest feature in the Talbot carpet. By employing
FDTD simulation we can predict the smallest feature in Talbot carpet that will form in the
area close to the grating, where the Fresnel-Kirchhoff assumption is not valid. In this
regime, the multiple-slits interference influence is reduced but the single slit diffraction
features become more important. With slit width approaching the wavelength of light the
system is entering a non-paraxial regime requiring rigorous calculation. The optical
properties of the Talbot image, particularly the intensity, the contrast and the interference
fringes quality are dependent on the geometry of the mask and the choice of materials. The
large contrast between the transmission of the opening and of the absorber is required and
the transmittance has to be optimized with the efficient thickness of the layers for both
substrate and absorber in order to obtain the sharper image of the Talbot carpet. For
example, in the model demonstration for the mask, the pitch was 300 nm, the openingwidth was 20 nm and the line-width was 280 nm. The gold is deposited as an absorber
layer (60 nm) on Si3N4 membrane (20 nm). This feature is realistic in current mask
fabrication technology for EUV radiation [2012 Brose]. X-ray data for optical properties of
materials in [Web Henke] were used in the simulation.
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Fig. 7.3.6 (a) Talbot carpet calculated by FDTD simulation: (b) and (c) are intensity profiles along
various detecting planes
Fig. 7.3.6 (a) displays the simulated image of the Talbot carpet behind the grating in the
range of z = 0 to zT/2 (0 - 6670 nm). The Talbot carpet in nano-scale is obtained in this
case. Fig. 7.3.6 (b) and (c) are intensity profiles that are determined at positions marked
with red arrows (1)-(6) and red lines (i)-(vi) in Fig. 7.3.6 (a). In both cases, intensity profiles
reproduce self-images progressively at smaller scales from 300 nm to 10 nm pitches
depending on the detector plane such as planes at normal to z-axis (1-6) or tilted planes (ivi).
For the case of fractional Talbot pattern as shown Fig. 7.3.6 (b), spatial frequency is
multiplied by up to a factor 15, which results in a corresponding half pitch of 10 nm. The
visibility was from 2 % at worst and 26 % at best. In Fig. 7.3.6 (c), the fractal Talbot
intensity is shown at irrational cross-section as described by Berry [2001 Berry, 1967
Mandelbrot]. In this case, the width of peaks is decreased along the curves until no peak
appears. The contrast is also decreasing as the width decreases and it finally becomes zero
at some point, which corresponds to the diffraction limit.
7.3.4 DISCUSSION
In comparison to conventional methods, the single exposure imaging method enables fast
imaging of Talbot carpets, and also depth of focus becomes less critical, because no
differential positioning of the detector is required. The experiment can be performed
despite the imperfect quality of the grating due to the fact that the Talbot effect reproduces

Ch. 7 Resolution Limit of Talbot Patterning
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the self-image with modified quality from the grating [1989 Partorski, 2013 Wen]. This is a
well-known effect. However, this is an advantage when applying the method with gratings
of smaller pitch.
The single exposure imaging method could be applied for rapid characterization of
sources in metrology, where the wave propagation image over near- and far- fields is used
for the analysis [2000 Guerineau]. The method also enables printing Talbot carpets on
photoresist samples using an interference lithography technique. Nano scale Talbot carpet
and fractal Talbot patterning may be feasible utilizing this method.
The rigorous diffraction simulation model has shown that the nanoscale Talbot carpet
can be obtained under a coherent extreme ultraviolet illumination. Sub-10 nm scale
structures may be realized in this case, while the conventional methods can hardly achieve
that. The Talbot effect is valid within the limitation that no evanescent fields are present,
and so spatial resolution is limited by diffraction. Thus, a highly efficient diffraction mask
and a good coherent illumination exposing large area are required. The standard sample
suggested in the FDTD simulation is a good example in this case.
We also suggest that structuring of Talbot carpets can be used for characterization of
photoresist. While conventional deep ultraviolet optical lithography meets the demand to
continuously shrink device structures, further steps of structure miniaturization can be
obtained by EUV lithography [2010 Wagner]. The resolvability of photoresist becomes
important in sub-10 nm lithography [2015 Mojarad]. Thus this work may be potentially
useful for applications of nano-lithography with highly coherent EUV sources [2014 Chun].
Other possible applications would be nano-structuring of quantum dot arrays, nanophotonic devices, and nano-crystals. [2006 Ozbay, 1996 Krauss, 1988 Reed].
7.3.5 CONCLUSION
We present an imaging technique that can perform visualization of Talbot carpets very
simply and also precisely. Talbot carpet includes fractional and fractal patterns that feature
ever decreasing periodicities in intensity profiles even though a large-scale period in mask is
used. The experiment demonstrates that Talbot carpet as a whole can be reproduced in a
single exposure configuration. The conventional Talbot carpet and another cross-sectional
pattern are visualised with tilted detectors, where the tilting is in the range for detectable
angle. It is shown that the method can be applied for resolution characterization of
detectors. The method enables characterizing the resolvability of photoresist with high-
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resolution Talbot image produced by short wavelength radiation. Talbot carpet in nanoscale can be produced with the method introduced here, while conventional methods can
hardly achieve this. We utilize FDTD simulations in order to observe the smallest feature
of Talbot carpet in non-paraxial condition. Structures down to 10 nm are achieved using a
300 nm pitch mask and 13.5 nm wavelength illumination. It may be feasible structuring of
Talbot carpet in nano scale lithographically as suggested. The method could be potentially
useful for characterization of light sources, nano-structuring, or applications in photonic
devices.
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Conclusion
Summary
In this thesis, interference lithography with extreme ultraviolet (EUV) light is studied. In
order to improve the resolution of patterns obtained using different radiation sources in
the extreme ultraviolet spectral range, different interference patterning methods are
investigated. In experimental study, compact size EUV sources are utilized to demonstrate
interference lithography. In simulation study, EUV illumination under specific conditions
e.g. regarding coherence or polarization is investigated to demonstrate the interference
patterning methods. For lithographic applications of the compact EUV sources, we also
analyze the optical properties of three different compact EUV sources for interference
lithography with regard to capability and feasibility of nanopatterning.
In experiment, Lloyd’s mirror interference lithography (IL) is performed with the
monochromatic EUV illumination generated by a high harmonic generation (HHG) source.
The feasibility of using HHG for IL is discussed in regard to the achievable resolution and
interference area of printed pattern. Contact lithography and proximity lithography are
demonstrated with EUV radiation from a discharge produced plasma (DPP) source with
Xe/Ar gas mixture to create complex nanoarrays. EUV-Talbot lithography is demonstrated
with several optical designs capable of overcoming the limitation of optical properties of
particular compact EUV sources. In the result, the interference patterns are reproduced
with very fine details on a photoresist. The printed results of 1D, 2D periodic or complex
patterns are compared to the theoretical prediction, and good agreement is seen. Also the
restorative self-imaging effect has been analyzed for a rough-line grid from the point of
view of the fidelity of the image.
In simulation, the scalar diffraction and rigorous diffraction simulation models are used
in both the paraxial and non-paraxial regimes. The validity of both approaches is discussed
to predict the nanostructures for particular EUV sources. The scalar diffraction simulation
is used to demonstrate nanopatterning with compact EUV sources in Fresnel diffraction
regime. The optical wave propagation through isolated apertures or gratings of different
mask layouts is calculated and compared for both methods in order to verify the validity of
the simulation methods for the patterning in nanoscale. Also the rigorous propagation
simulations are performed for the fractional Talbot pattern, achromatic Talbot pattern, and
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Talbot carpet consisting of ever-decreasing features. The possibilities and limitations of
Talbot lithography under EUV illumination are explored.
Outlook
We envision achieving high-density patterns in experiments utilizing the well-defined
masks and short-wavelength coherent sources in Talbot lithography. Lloyd’s mirror
interference lithography using high harmonic generation source is promising technology to
obtain sub 20 nm structures in a laboratory setup owing to the high coherence of the
radiation. In contact and proximity lithography, the methods can be developed further with
the precise distance control and the alignment of the system. Some successful theoretical
demonstrations could be experimentally demonstrated including fractional Talbot
lithography, achromatic Talbot lithography, and Talbot carpet of nanoscale.
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Appendix
The Van Cittert-Zernike Theorem
In the case of an extended source, the complex degree of coherence is described by the van
Cittert-Zernike theorem. The theorem states the complex degree of coherence between
two points in a plane of observation.

Fig. A1 The geometrical arrangement with the source (ξ, η) and the observation planes (x, y), ρ is
radius of the circular disk source.
The normalized degree of coherence measured at two points in a plane of observation
(x-y) is given by:
𝜇N: =

𝐸N (𝑡) ∙ 𝐸:∗ (𝑡)
𝐸N

:

∙

𝐸:

:

(A1)

where µ is mutual coherence degree, E1 and E2 are the electric wave fields.
(a) The degree of coherence of a point source (ideal) is reduced to:
𝜇ç~ = 𝑒 “•è 𝐽X 0 = 𝑒 “•è .

(A2)

It describes the correlation between two points (O, P) at the observation plane, where the
phase difference ψ = kr2/2z = kzθ2/2, k = 2π/λ, r = (x2+y2)1/2, z is the distance of
observation plane from the source plane, θ is the angle measured from the optical axis to
the point P, and J0(0) = 1. [1999 Attwood]
(b) The degree of coherence for the source of Gaussian intensity distribution:
𝜇(𝜃) = 𝑒 “•è 𝑒 “

´Sé ‘ /:

where a is standard deviation of the Gaussian spectrum of the source.
(c) A pinhole illuminated by incoherent source:

(A3)
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𝜇(𝜃) = 𝑒 “•è

2𝐽N (𝜈)
𝜈

(A4)

where J1(ν) is a Bessel function of the first order where ν = kaθ, and ψ = kzθ2/2, which is
phase difference.

Characterization of EUV power using CCD
One simple method to characterize the EUV radiation is based on calculating photon
number for the known efficiencies of the detection.
𝑁š\/c =

𝜂ï¢

𝑆ëëì ∙ 𝜎
∙ (𝐸š\ /3.65 𝑒𝑉) ∙ 𝜂ð ∙ 𝑇ò ∙ 𝜂¼ ∙ 𝑡U{š

(A5)

•

Nph/s: The number of photons per second

•

SCCD: counted signal on the detector

•

σ: the CCD sensitivity in electrons per count

•

ηQE: quantum efficiency of the CCD

•

Eph: the photon energy in eV (Eph/3.65 eV is the number of electrons released per
photon at a band-gap energy of 3.65 eV)

•

ηg: the grating diffraction efficiency

•

Tf: the filter transmissions

•

ηR: reflection coefficient of a SiO2 surface in case of Lloyd mirror IL

•

texp: exposure time

Fourier integral theorem
𝑓(𝑡) =

𝑔(𝜔) =

¹ó

1
2𝜋

𝑔 𝜔 𝑒 “•µ` 𝑑𝜔

“ó

1
2𝜋

¹ó

(A6)
𝑓 𝑡 𝑒 •µ` 𝑑𝑡

“ó

Functions f(t) and g(ω) are called Fourier transform and inverse Fourier transform.
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