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Grazing Incidence Mirrors for EUV Lithography

Mariana Braic, Mihai Balaceanu and Viorel Braic
National Institute for Optoelectronics
Romania

1. Introduction

The ongoing development of the knowledge-based society has brought about new
challenges derived from the increasing volume and complexity of the information resources
available. For a faster and more affordable transfer and processing of information, further
progress is resting upon the development of increasingly smaller, higher density, integrated
microelectronics, and their availability at lower prices.

The actual industrial standard governing the manufacture of microprocessors, employing
today’s deep-ultraviolet lithography (DUVL), is limited by the minimum wavelength of 193
nm.

As microprocessor feature size continues to decrease to sub-45 nm levels, greater spatial
resolution is needed to be obtained. In an optical lithographic system the critical dimension
is determined by the Rayleigh criterion, so that in order to obtain a smaller critical
dimension one can increase the numerical aperture while maintaining the conventional
lithographic wavelength of 193 nm. This approach permitted to obtain feature size less than
45-nm [Rothschild et al., 2005]. However, the increased demands on the miniaturisation
have already reached the limits of the DUVL. Considering the Rayleigh criterion, another
possible approach to minimize the critical dimension is to decrease the radiation
wavelength. This idea is materialised as the Extreme-Ultraviolet Lithography (EUVL), using
a wavelength of 13.5 nm [Stulen & Sweeney, 1999].

In Europe, ASML and its main co-developer Carl Zeiss, are heavily investing in the
development of key technological issues, aiming for the realization of an EUVL a-tool [Meiling
et al., 2003], [Meiling et al., 2005], for subsequent world-wide commercialization [ASML,
2009], while in USA, SEMATECH organization has the leading role [SEMATECH, 2009].
EUVL is a domain undergoing intensive research at the moment, as one of the leading
candidates among emerging lithography techniques, enabling 35 nm half-pitch patterning
and providing also extendibility to 22 nm, using a solely reflective optics.

The requirement for the replacement of transmitting lenses with reflecting mirrors within
the patterning tool is due to the strong absorption of the EUV light in most of materials -
gases included, a high reflection coefficient being difficult to obtain at either near grazing or
near normal incidence angles. The requirement for an entirely reflective optics, placed in
vacuum, introduces numerous technological challenges, as well as the requirement to
efficiently generate 13.5-nm light, with high intensity and high reliability.

The EUV source specifications are derived, accordingly to the existing standards in visible
and DUV lithography, from the customer requirements: high throughput - more than 100

wafers /hour, imaging quality and cost of ownership. To generate EUV light, hot and dense

Source: Lithography, Book edited by: Michael Wang,
ISBN 978-953-307-064-3, pp. 656, February 2010, INTECH, Croatia, downloaded from SCIYO.COM
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178 Lithography

plasmas are required. EUV radiation is generated using gas-discharge-produced plasmas
(DPPs), laser produced plasmas (LPPs) with ultra-fast lasers, synchrotron or X-ray radiation
[Stamm, 2004].

EUVL systems using LPPs and DPPs sources rely on optical configurations including
collection and projection modules composed by grazing and near incidence reflective
mirrors [Singh & Braat, 2000], [Bakshi, 2006]. In a LPPs-based system, EUV light is produced
by bombarding a sliver of Sn with a high-power laser, while in a DPPs system the EUV light
emerges from Xe plasma, enriched with metal EUV radiators, as Li and Sn [Banine & Moors,
2004]. The EUV light produced by either source is being collected by specially engineered
EUV mirrors, which then focus the EUV beam in the EUV scanner to produce microchip
patterns.

The main aspects to be addressed by the source specification are: the operating wavelength,
the EUV power, the hot spot size, the collectable angle, the repetition rate, the pulse-to-pulse
repeatability and the debris induced lifetime of components. While the first requirements
are addressing only the EUV plasma source engineering, the last one deals also with the
engineering of the optical system, mainly with the collector system - optical design and
materials to be used. The mirrors responsible for collecting the light are directly exposed to
the plasma and are therefore vulnerable to the damage done by the high-energy ions
[Komori et al., 2004], [Hansson et al., 2002], and other debris [Srivastava et al., 2007]. These
damage associated with the high-energy process of generating EUV radiation have
precluded the successful implementation of practical EUV light sources for lithography.
This chapter addresses the issues related to the attainability of high reflectivity grazing
incidence collection mirrors with extended life time, to be used in EUVL systems.

2. Requirements for the collection optics in EUVL

In the lithographic process of patterning fine-scale structures onto a substrate, the radiation
used to selectively expose the recording medium (resist) can be optical, e-beam, X-ray or ion
beam. If the optical radiation is used, including DUV and EUYV, the lithographic system
consists of four main elements, integrated in an unique optical system [Jaeger, 2002]:

a. light source;

b. mask containing the patterns corresponding to the structures to be fabricated;

c. exposure system to generate an aerial image of the mask pattern and

d. resist, for recording the image generated by the exposure system.

In the EUV lithographic systems, there are two more modules to be integrated in the optical
system: the collector and the projection modules [Bakshi, 2006].

Concerning the light source, up to date, the most used EUV light sources are the DPPs ones.
These sources are reported to generate more power, consume less energy, being less
expensive. As a result, this type of source was integrated into alpha-level EUVL scanners.
Also, the low power version of DPPs source has been used in EUV micro-exposure tools, in
industrial EUV metrology and EUV resist development projects [Lebert et al., 2003], [Song et
al., 2006], [Bolanti et al., 2003], [Zuppella et al., 2009] and [Fiedorowicz et al., 2005]. This type
of source was used also in the development and testing of the grazing incidence mirrors
presented in the following [Choi et al., 2004].

The part of the EUV optical system including the mirrors, which are designed to collect as
much as possible EUV light produced by the source, is known as the collector module, while
the mirrors designed to focus the EUV light on the resist, are part of the projection module.
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Apart from the mirrors, the optics may comprise also filters for cutting the wavelengths
higher than 40 nm. The mask is part of the exposure system, including the resist exposure
stage, with movement control in the Angstrom range [Itani, 2009], [Wallace et al., 2007].

Due to the strong absorption of EUV light in any material, including gases (even at
pressures in the Pa range), in an EUVL system all the components must reside in high and
clean vacuum. The EUV light source it-self represents the cause of important demands on
the EUV optics geometry and materials to be used, as the heat and debris emerging from it
can seriously damage the optics facing the source. Usually the EUVL optics is protected
from the energetic debris from the source using gas (He) curtains, electrostatic and
mechanical shields [Vargas-Lopez et al., 2005], [Bakshi, 2006].

The collection mirrors must have high reflectivity at grazing angles, high resistance to the
energetic particle bombardment, high adhesion to the substrate and a high stability in a wide
range of temperatures, as the heat load from the entire radiation emitted by the EUV source is
important. The overall reflectivity of EUV mirrors, especially of those in the collection module,
is under continuous degradation due to erosion and contamination from within the EUV
source, as Xe, Li and Sn are the conventional, currently used, EUV light fuel [Allain et al.,
2008]. This is a matter of great concern because it directly affects the available power of the
EUV source, and thus the final cost of production [Neumann et al., 2007], [Bakshi, 2006].

The collector mirrors are facing a continuous bombardment of debris emerging from EUV
light sources, fast ions, neutrals, off-band radiation, droplets, and background impurities
(i.e., H, C N, O), as well as the heat load generated by the sources themselves, all of them
inducing serious damage to the nearby collector mirrors. The challenge is to obtain a
collection mirror exhibiting high reflectivity at grazing incidence angles, high resistance to
the bombardment done by energetic particles, micro-chemical stability at high temperatures
and corrosion resistance, combined with small roughness, so as to prevent significant
radiation loss via scattering.

3. Materials for EUV mirrors

The materials used for manufacturing the EUVL mirrors must have some valuable

propertles, as [Shin et al., 2009], [Hecquet et al., 2007]:
manufacturing design freedom of shape and size;

- sustaining of polishing procedures, up to a tenth of a nanometre for the final roughness,
because the roughness became a very sensitive parameter to be considered, as the
wavelength decreases;

- low coefficient for thermal expansion (CTE), in order to reduce the optics distortion due
to geometrical factors.

There are several types of such materials, as the well known silica and quartz, or the
recently developed zerodur (lithium aluminosilicate glass-ceramic) and ULE (a titania-silica
binary glass with zero CTE). The bare surfaces of these materials are presenting lower
reflectivity values for grazing incidence, as compared to most of the metallic surfaces,
considering the same surface roughness.
An all reflective optical system can have either only near normal incidence mirrors, or a
combination of grazing incidence and near normal incidence mirrors. In order to choose the
best materials, modelling the EUV light interaction with matter is a valuable tool. The
wavelength domain to be considered is centred near-by the value where the maximum EUV
throughput is obtained from the EUV sources, e.g. 13.5 nm [Bakshi, 2006]. In the following all
the materials will be considered with respect to their properties at this specific wavelength.
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The interaction with matter of the soft X-ray and EUV radiation (in the range 1 - 40 nm), in
terms of transmission or reflectivity, can be "experienced" by using the free on-line
connection to the Center for X-Ray Optics, a facility within the Materials Science Division at
Lawrence Berkeley National Laboratory, USA [CXRO, 2009]. The details about the
interactions of the soft X-rays with matter (photoabsorption and the coherent scattering) are
clearly explained [CXRO, 2009]. The basic assumption made is considering the condensed
matter as a collection of non-interacting atoms, a condition fulfilled for energies sufficiently
far from the absorption thresholds, while in the threshold regions, the specific chemical state
become important, so that direct experimental measurements are to be used. The inelastic
Compton scattering cross section has not been included in the reflectivity calculations, as the
Compton cross section contribution is significant only for light elements (Z < 10) at energies
higher than 10 keV [Hubbell et al., 1975]; Hubbell et al., 1977].

Using the CXRO facility, one can easily obtain the ideal values for the EUV radiation
reflectivity on a certain surface. For near-normal incidence mirrors, an enhancement of the
reflectivity is obtained if we consider a typical Bragg reflector, in which the thickness of each
layer is approximately a quarter-wave. Although the reflectivity of a single transition from a
layer to another one is very small, the addition of multiple reflections results in a saturation
to a maximum reflectivity. In EUV optics there are used multilayers (ML) formed by
materials with alternate high and low absorption coefficients [Gloecker & Shah, 1995]. In
EUV, the light absorption is directly linked with the Z value of the considered material. The
best known near-normal incidence mirrors for EUVL are made from 40 to 60 bi-layers of Mo
(on top) and Si (on bottom part), the bi-layer period being 6.9 nm. Another important
parameter to be considered is the ratio of the bottom layer thickness to the overall bi-layer
thickness, which in this case have the value I' = 0.4. The ideal reflectivity of such a mirror is
about 72% at normal incidence (with respect to the surface, not to the surface normal, as in VIS
optics) [Benoit et al., 2006], [Wang et al., 2006], [Fiegl et al., 2006], [Schroeder et. al., 2007].
However, these mirrors are very sensitive to the oxidation, contamination, and the
reflectivity is decaying in time, due to the mixing of the individual layers, the mechanism
being diffusion driven. In fig. 1 is presented, comparatively, the ideal reflectivity obtained
by simulation [CXRO, 2009] for a Mo/Si multi-layered mirror, with 60 bi-layers, with no
inter-diffusion (Fig. 1a - s=0) and with layers inter-diffusion of 1 nm (Fig. 1b - s=1). It can be
observed that not only the maximum reflectivity value is decreased, but also the maximum
is shifting towards lower wavelengths, generating an overall loss of EUV light in the system.
Due to the specific pattern obtained for the reflectivity of this multilayered mirror, it's role in
the EUVL system is also to create a highly monochromatic radiation, by the repetitive
reflection on several mirrors. As presented above, at this wavelength is also obtained the
maximum EUV intensity from the Xe, Li or Sn radiators used in either DPPs or LPPs EUV
sources.

Concerning the reflectivity at grazing incidence, from the system's geometry, it results that
the angle to be considered for the reflectivity modelling is about 69, with respect to the
surface. In Fig. 2 are presented the ideal values obtained by using the CXRO facility, for the
reflectivity at A = 13.5 nm, at 60 incidence with respect to the surface, for the most used
materials in optics (silica, quartz, zerodur and ULE), and in Fig. 3 are presented the ideal
reflectivity of some thick metallic layers. As expected the metallic surfaces present a much
higher reflectivity for EUV light, as compared with the materials used as substrates, due to
the different electronic configurations of these types of materials.
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Fig. 1. Ideal reflectivity at normal incidence of a Mo/Si multi-layered mirror, with 60 bi-
layers, with (a) no inter-diffusion (s=0 nm) and (b) an inter-diffusion zone of 1 nm (s=1 nm).

Reflectivity (%)
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Material

Fig. 2. Ideal reflectivity values, at A = 13.5 nm, 60 incidence with respect to the surface, for
silica, quartz, zerodur and ULE

Up to date, the EUV mirrors are usually made from special substrate materials as ULE or
zerodur, subsequently coated with metallic thin films selected to be highly reflective in 12-15
nm domain, having a relatively high native oxidation resistance, e.g. palladium, ruthenium,
and rhenium [Bakshi, 2006], [Alman et.al., 2007].

The new approach considered by the authors is to substitute the metallic coatings with
covalent type materials, such as transitional metal carbides and nitrides thin films, with low
surface roughness values (< 0.5 nm), which exhibit high reflectivity at 13.5 nm [Braic et al.,
2005], [Braic et al., 2004], [Braic et al., 2008].

The nitrides and carbides of the transitional metals are well known for their stable micro-
chemical properties at high temperatures, high oxidation resistance, high melting point,
high hardness, high toughness and Young’s modulus, high electric conductivity, excellent
chemical stability, together with good wear resistance and high adhesion onto different
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Fig. 3. Ideal reflectivity values, at A = 13.5 nm and 60 incidence with respect to the surface,
for some thick metallic layers

substrates [Barshilia & Rajam, 2006], [Ducros & Sanchette, 2006], [Braic et al., 2006]. Their
chemical inertness and high hardness is linked to their predominant covalent type bonding.
Group IV - VI transitional metals are forming nitride and carbide compounds characterized
by a large number of nitrogen/carbon vacancies. It is known that the nitride/carbides of the
group IV metals (Ti, Zr and Hf) can crystallize only in the cubic NaCl (FCC) structure, while
the metals form the group V (Nb, Ta) and VI (Mo) can form carbides either in cubic (MeC)
or in hexagonal forms (Me,C). While the group IV of metallic carbides can accommodate up
to about 50% vacancies on the non-metal sub-lattices, and still retain their cubic structure,
the groups V and VI of metallic nitride/carbides crystallize under different structures,
switching from hexagonal to the more stable cubic one, with increased nitrogen/carbon
content, the process being also temperature dependent [Hugosson et al., 2001].

Due to their superior stability in their FCC crystallographic structure, there were selected
the nitride and carbide of the group IV transitional metals. From the group V, Nb
compounds are good candidate, but they also present high Young modulus values, so that
the adhesion to a non-metallic substrate may develop undesired problems. From the group
VI, Mo may also represent a good candidate, but at lower temperatures (<1000°C) the FCC
structure of its compounds tend to transform into a hexagonal or orthorhombic one. Also,
the mechanical properties and oxidation resistance are less performing if compared to those
exhibited by the compounds of the group V transitional metals, probably due to its large
ionic component, compared to the covalent one [Kanoun et al., 2007].

In fig. 4 are presented the ideal values obtained by using the CXRO modelling facility, for
the reflectivity at A = 13.5 nm, at 60 incidence angle with respect to the surface, for the nitride
and carbide compounds of Ti, Zr and Hf.

From the results presented above, it results that the best coatings to be used as grazing
mirrors in the EUV collector system, are the Zr based carbide and nitride films. However,
one major problem to be tackled in this application is the requirements to obtain coatings
with high adhesion to the substrate, and with a reduced mechanical intrinsic stress, which is
known to build-up during the growth process. There are several strategies used for reducing
the stress: ion bombardment during growth [Vladescu et al., 2007], moderate substrate
temperature during film deposition, use of a substrate with a CTE similar to
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Fig. 4. Ideal reflectivity values at A = 13.5 nm and 6° incidence with respect to the surface, for
Ti, Zr and Hf nitrides and carbides

that of the film to be deposited. All these are currently used during films' deposition,
however the films are still not stress-free.

Another approach is to use multi-layered (ML) films, as this kind of structure is known to
inhibit cracks propagation and to have a low level of residual stress, a high adhesion
strength and very high microhardness values, superior to those of the component layers
[Helmersson et al., 1987], [Yashar & Sproul, 1999], [Musil, 2000], [Vladescu et al., 2008]. This
direction is worth to be explored, so that the ideal reflectivity values, at A = 13.5 nm and 6°
incidence with respect to the surface, for some ML based on ZrN/TiN and ZrC/TiC were
calculated, the results being presented in Fig. 5.
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Fig. 5. Ideal reflectivity values at A = 13.5 nm and 6° incidence with respect to the surface, for
multilayered structures based on ZrN/TiN and ZrC/TiC, for I'=0.1, ' =02 and I = 0.4.

To illustrate the reflectivity dependence on the surface and interface roughness in Fig. 6 are
presented the ideal reflectivity for a ZrN/TiN multilayer, n=40, A= 7 nm, I'=0.1, either
perfectly smooth (a - rms=0 nm) or with a higher roughness at the interfaces between the
individual layers (b - rms=0.1 nm).

From the presented results, it clearly results the superiority of Zr based coatings to be used
for surface finishing of the collector mirrors used in EUV lithographic systems.
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Fig. 6. Ideal reflectivity of a ZrN/TiN multilayered mirror, 300 nm thickness, with surface
roughness rms=0 nm (a) and rms=0.1 nm (b).

4. Collector module design with grazing incidence mirrors

A straightforward approach for the design of the collection optics, based on a wide emission
angle of the EUV source, consists of an ellipsoidal configuration, the EUV source being in
one focus and in the other one the image for the projection mirror is formed. The collected
EUV radiation is focused as a narrow circular shape of illumination at a near-normal
incidence angle on to a reflecting Mo/Si spherical mirror. The focused beam resulted from
the projection mirror is directed towards the resist through a SisNy or a Zr filter to a
transmission mask. The role of the filters is to cut the radiation with wavelengths > 20 nm.
The design of the first approach for the EUV collector used in our work is presented in Fig.7.
As it can be seen, the central cone emerging from the EUV source, which contains the most
part of the debris (fast atoms, ions and electrons), is lost. Minimizing the central cone and
using a very long ellipsoid (1 m between focal points at 0.12 m ID), a high collecting
efficiency is obtained.

Off-axis
He N spherical
—_—r U ¢/ Electrostatic Ellipsoigal projection
_+ 4; fiIteru collector module u mirror (Mo/Si)
Plasma I

| |
* Turbo

Turbo Molecular
Molecular pump
pump
Near field Fresnel
Differential diffractive projection mask
Pumping
Unit

Fig. 7. The design of the first approach for the EUV collector, with ellipsoidal mirrors
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However, in most of the used PDDs EUV sources, the emission of light and debris is
directed mainly forward, in a narrow angle. So, an off-axis collection optics allowing the
collection of the whole cone is required. In the same ellipsoidal geometry the source is
oriented at approx. 100 off-axis and points towards a 210 mm long and 60 mm wide area,
near by the central section of the ellipsoid. The image of the source is formed in the same
position (focal point) as in the on-axis configuration. The total length of the optical path,
from EUV source to the projection spherical Mo/Si mirror, is approx. 1.4 m, imposing the
same length for the vacuum chamber, which has to be pumped according with its volume,
with turbo-molecular pumps [Braic et al., 2008].

F TMP 70 REMS
IMP 300 He Injection ﬂﬁ U E TU-H—VF Y b i

Sml““gﬂ/?/ Mo/Si Mirror

—_ &

— Collimator Exposure Module J:\[x’(‘mm %20 mm
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[ LIS I N

833.4

Fig. 8. Schematic view of the off-axis optics and vacuum chamber

The off-axis configuration opened a new opportunity to reduce the optical path, placing the
Mo/Si mirror between the grazing incidence ellipsoidal surface and the focal point,
significantly shortening the length of the optical path to approx. 0.8 m, also offering a
significant reduction of the vacuum chamber volume and pumping unit (Fig. 8). The
projector is a Mo/Si coated mirror with 13.5 nm centred wavelength. In the presented
configuration, the diameter of the mirror is 2” and the curvature radius is 500 mm.

Vacuum chamber is designed to be assembled from standard high vacuum stainless steel
components ISO 100 and ISO 160. Sealing of the parts is done with fluoro-elastomer gaskets,
with very low out-gassing rate. The high and also clean vacuum environment is considered
appropriate for the exposure tests. Checking of the residual gas composition is done by an
RF mass spectrometer connected to the exposure chamber. The UHV technology was
considered not appropriate, because of the exposure module components, which are not
suitable for high temperature baking (up to 2500°C). The cleanliness of a vacuum
environment is determined by the components and their out-gassing rate under vacuum.
The chamber is differentially pumped by turbo pump located near the EUV source exit
(mainly for heavy gases - Xe, Ar removing) and by another turbo pump located nearby the
optics and exposure module (for He, resist and other components effluents). The turbo
pumps are backed by mechanical dry rotary pumps.

One requirement from the EUVL optics is to minimize the contamination of the Mo/Si
sensible mirrors due to the debris or effluents resulted from the used components, e.g. resist,
fixture materials, etc [Shin et al., 2009]. As a result, the use of any coating including carbon
was dismissed for further work related to EUV mirrors [Braic et. al., 2009] despite their
valuable properties [Balaceanu & Braic, 2005].
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5. Coatings' deposition for the grazing incidence mirrors

The coatings were deposited on optical glass, Si, plain carbon steel and high-speed steel
substrates by bi-bipolar pulsed reactive magnetron sputtering method, using Ti and Zr
cathodes and a reactive atmosphere consisting of a mixture of N, and Ar gases. The
deposition set-up is presented schematically in Fig. 9.

BIPOLAR
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OPTICAL FIBER
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| | MASS SPECTROMETER ] i n
(SRS RGA 100) © !
PUMP
PC FOR DATA ACOUISITION AND
— PROCESS CONTROL
FOREYACUUM
PUMP M1,M2,M3 - MAGNETRONS
S - SAMPLE HOLDER

Fig. 9. Deposition chamber set-up for the multilayered coatings

The deposition cylindrical chamber (300 mm internal diameter and 500 mm height) has
three rectangular (140*250 mm) magnetron targets.

The Ti and Zr cathodes were fed using a pulsed bipolar generator - type ENI RPGS5, to avoid
the problems related to the target poisoning during reactive deposition. The magnetron
discharges are fed by a two channel Brooks 502 mass low controller with argon and
nitrogen. The argon is introduced by pipes in front of each magnetron target and the
nitrogen is directed towards the substrates.

The substrate holder assembly includes a thermocouple for temperature measurement
during the deposition, is electrically insulated and provides the rotation of the individual
sample holders. The rotation is provided by a stepper motor in order to have a computer
controlled rotation speed and also to move the substrates in front of the two different
targets.

The main deposition parameters were: deposition pressure - 4 10-! Pa, substrate bias - 50 V,
ratio of N2 and Ar partial pressures - 0.37.
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The distance from any of the cathodes to the substrate holder is 10 cm. The UHV vacuum
system ensures a base pressure in the deposition chamber was of about 1x10-5 Pa. The
absolute pressure was measured with a MKS 626 Barocel capacitance manometer.

To obtain alternated ZrN/TiN films, two shutters placed in front of each magnetron were
used. By periodically opening and closing the shutters and rotating the substrates in front of
the active magnetron, Ti and Zr ions/atoms sputtered from the magnetrons were
alternatively introduced in the deposition atmosphere for a predetermined time. Depending
on the deposition rates, previously measured for each type of monolayer (TiN and ZrN),
and on the rotating speeds of the shutters, various multilayer configurations (with different
bilayer thicknesses A and I" parameter) were prepared.

Following the information obtained by simulation, multilayer with a constant I" value,
equals to 0.1, and different thicknesses of the bilayer, were deposited. In order to
differentiate between the different types of ML, the notation ZrN/TiN-n/A will be used,
where "n" is the number of bi-layers and " A " is the bi-layer thickness.

Different overall thicknesses of the coatings were deposited, depending on the tests taken
into account: for EUV reflectivity measurements and surface roughness evaluation, the
thickness was of about 280 nm (n = 40; A =7 nm), while for elemental, structural and
mechanical characterisation the total thickness was much greater, of about 3500 nm (n = 500;
A =7nm).

Prior to deposition, specimens to be coated were chemically cleaned in an ultrasonic bath
with isopropyl alcohol. Both the substrates and the magnetron targets were sputter cleaned
in vacuum by Ar ion bombardment (1200 eV) for 10 minutes, in order to remove any
residual impurities.

To ensure the deposition of stoichiometric layers, the optical emission spectroscopy (OES)
was done, by on-line monitoring of the Zr, Ti and N* lines emitted by the discharge, by
using a monochromator (Digikrom DK480), equipped with an R446 Hamamatsu
photomultiplier. The acquisition, storage and processing of the spectra were performed by
an Advantech 818 data acquisition system. The light signal emitted by the plasma was
transmitted to the monochromater, through a quartz window and a collimator positioned in
front of the target, by using an optical fibre. Concomitantly, the process gases were
monitored by RF mass spectrometry (SRS RGA 100), in order to maintain a fine balance
between the argon and nitrogen in the deposition chamber.

In magnetron sputtering deposition of nitrides (TiN, ZrN), the ratio of Ar/N» partial
pressures in the working gas determines two working regimes with different sputtering
yield of the cathode's material under ion bombardment, affecting the film's stoichiometry.
During the deposition, the compound deposited onto the substrates is also deposited on the
cathode, so the decrease of cathode sputtering yield, of about 5 times, is observed.

The transition between the “metallic” and the “ceramic” modes takes place abruptly at a
small change of nitrogen flow (small increase of the nitrogen content in the working
atmosphere). The continuous monitoring of the relative intensity of a metallic line (Ti or/
Zr) shows a sharp decrease in the transition region. By continuously monitoring the metallic
lines, any small tendency of decrease, is followed by a command to either decrease the
nitrogen flow or increase the current fed on magnetron. The optimized conditions were
established for TiN and ZrN single layers. In Fig. 10 is presented the variation of the Ti line
intensity (Ti- A = 468.19 nm) at the nitrogen flow increase in the deposition system.
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Fig. 10. Relative intensity of the Ti (A=468.19nm) line vs. nitrogen partial pressure in the
magnetron discharge

6. Coatings' characterisation

The chemical composition of TiN, ZrN and ZrN/TiN coatings was determined by energy -
dispersive X-ray (EDX) spectroscopy, by means of a XL-30-ESEM TMP scanning electron
microscope.

The coatings' texture, phase composition and bilayer period A were determined by high
angle X-ray diffraction (XRD), with Cu K, radiation, using a Rigaku MiniFlex II device.
Auger electron spectroscopy (AES) technique was used to determine the elemental
composition of the films by using a PHI Model 3017 AES PC-Based System, equipped with
an ion gun (for sputter cleaning and etching) in the range 3 + 5 keV. The N/Ti ratio was
determined from the positive slope of the nitrogen line located at 377 eV and the negative
slope of the Ti peak at 418 eV.

The coatings' resistance to ion beam bombardment (5 keV, Ar*) was done in the AES system,
using a collimated ion gun for in-depth analyses. The assessment was done by surface
roughness evaluation by AFM.

Films thicknesses were determined by a surface profilometer - Dektak 150. The surface
morphology was observed by an atomic force probe microscope Veeco - Innova AFM/SPM,
operating in tapping mode.

RBS spectra were obtained using a 2.7 MeV He* ion beam, revealing the elemental
composition and the modulation periodicity of the multilayer, with A bilayer values ranging
from 80 to 160 nm. The backscattered particles were detected by surface barrier detectors
placed at 1650 to the beam direction.

The deposited samples were measured for their reflectivity in the range A € [11, 17] nm at
the synchrotron facility from the National Institute of Standards and Technology [NIST,
2009].

Microhardness (Vickers) measurements were performed with a microhardness tester at 0.15
N load. Scratch tests under standard conditions (10 N/min*mm), using an indentor tip with
electronic control of x, y, z position, were done to estimate the coatings adhesion. The critical
load (L) values were determined by optical microscopy, L. being defined as the load where
film flaking starts.
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Typical EDX spectra are shown in figures 11 - 13. The elemental composition of the films, as
resulted from the EDX analyses, is presented in Table 1. It can be seen that the single layer
coatings are almost stoichiometric: N/Zr = 0.9; N/Ti= 1.1. The presence of a small amount
of oxygen is probably due to the contamination during sample handling in open atmosphere
before the composition analysis. For the multilayer, the EDX analysis revealed a much
higher Zr content as compared with that of the Ti. This result is due to the differences in the
ZrN and TiN individual layer thicknesses [Braic et al., 2006].
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Fig. 11. EDX spectrum for a TiN coating
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Fig. 13. EDX spectrum for a ZrN/TiN multilayer coating
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) Elemental concentration (at.%)
Film type Ti Zr Fe N 0
TiN 449 - 0.7 51 3.4
ZrN - 49.6 0.9 448 4.7
TiN/ZrN-900/7 15.8 31.1 0.7 48.1 4.1

Table 1. Elemental composition of TiN and ZrN coatings

Three typical diffraction patterns of ZrN/TiN multilayer deposited on optical glass with
different bilayer periods A are shown in Fig. 14a, 14b and 14c. As in the case of the single
layer coatings (TiN - Fig. 15 and ZrN - Fig. 16), the diffraction patterns for the multilayer
exhibit a strong (111) preferred orientation.

Intensity (a.u)

Fig. 14. X-ray diffraction patterns for ZrN/TiN multilayer
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For the ZrN/TiN ML coatings with a large bilayer period (A = 550 nm, Fig. 14a), the
diffraction lines belong both to the ZrN and to the TiN films, from which the coating is
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composed. It is worth to note that the diffraction pattern is not similar with that exhibited by
a TiZrN layer (Fig. 17).

For the nanometre scale ZrN/TiN multilayer (A < 10 nm), the pattern generally consists of a
Bragg peak located at the average lattice spacing of the multilayer surrounded by equally
spaced satellite peaks, as can be seen in Fig. 14b and Fig. 14c. The bilayer period A was
calculated, as in ref. [Yashar & Sproul, 1999], from:

mA
sinfd, =sinf, + — 1
. =sing, £ 2 o

where 0. are the positions of the m-th order positive (+) and negative (-) satellite peaks, Oz is
the position of the main Bragg reflection and the A is the X-ray wavelength.

In the cases illustrated in figures 14b and 14c, the calculations lead to the A values of 9.2 nm
and 7.2 nm, in excellent agreement with the values determined from the measurement of
coating overall thickness and deposition time (9.1 nm and 7.0 nm).

The AES analyses were done on ZrN (Fig. 18a), TiN (Fig.18b) and TiZrN (Fig.19) mono
layers, in order to obtain the specific pattern of the individual layers in multi-layered
structure and also of the possible mixture of them. For this purpose, in order to have a clear
answer, there were investigated multi-layers with two large A values (40 and 180 nm) and I"
= 0.5. The multilayers with high A values were studied in order to determine the etching
rate of TiN and ZrN layers. The elemental analyses were done after cleaning the surface by
ion bombardment etching (Ar*, 3 keV) for 10 min.
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Fig. 15. X-ray diffraction patterns for TiN
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Fig. 16. X-ray diffraction patterns for ZrN
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Fig. 19. Elemental composition done by AES of ZrTiN single layers (Zr:Ti=1.0)

For the ML structure with A= 40 nm and I" = 0.5, AES signature of the top ZrN layer is
presented in Fig. 20a, while in Fig. 20b is presented the bottom TiN layer. From the analysis
it results that the individual TiN and ZrN layers are well defined in the ML, the obtained
AES patterns being practically identical with the AES patterns obtained for single layers
(Figs. 18a and 18b), with no "signature" for layer intermixing.
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Fig. 20. AES analyses of the ZrN top layer (a) and TiN bottom layer (b) in ZrN/TiN

Selected images of some MLs deposited on Si and optical glass substrates are presented in
Figs. 21. The roughness values of the uncoated and ML coated (n = 40 nm, d = 7 nm)
specimens are summarized in Table 2, where R, is the roughness average, Rq is the rms
roughness and R; is maximum height of the profile in the investigated area:

R, = (nm) = N

(2)

)

R¢= (nm) = XMax. = Xmin-

(4)
These results do not show any changes in the roughness of coated surfaces as compared
with uncoated ones. The experiments showed that the increase of the number of bilayers n,
accompanied by the overall thickness increase, lead to roughness increase. A comparison
between the roughness of ML coatings with different thickness - as resulting from variations
in the number of bilayers, is presented in Table 3.

Roughness parameters Si Glass ML/Si ML/ glass
Ra (nm) 0.5 0.5 0.5 0.5
Ry (nm) 0.5 0.5 0.5 0.6
R¢ (nm) 10.3 11.8 10.9 9.0
Table 3. AFM determined roughness for uncoated and ZrN/TiN-40/7 coated specimens
ML/Si ML/ glass
Roughness parameters 100 N=10 =100 =10
R, (£ 0,5 nm) 1,0 0,5 0,8 0,5
Ry (£ 0,5 nm) 14 0,5 1,2 0,6
R¢ (+ 0,5 nm) 27,9 10,9 26,8 9,0

Table 4. AFM determined roughness for uncoated and ZrN/TiN-40/7 coated specimens
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Fig. 21. ZrN/TiN-40/7 films deposited on Si (a) and on optical glass (b)

For the assessment of ion beam damage induced on coatings, relatively thick ZrN
monolayered films were used (800 nm), as it is important that the top layer with the highest
EUV reflectivity to be preserved. The averaged roughness values R, decreased from the
initial value of 1.1 nm to 0.8 nm, after ion bombardment with 5 keV Ar* ions, for 30 minutes.
The RBS spectra of the ZrN/TiN multilayer n = 5, A = 80 nm, I" = 0.5, presented in Fig. 22,
are experimental data and simulated curves. For the coatings with large bilayer periods (80 -
160 nm), a good agreement between the experimental and theoretical curves was obtained.
The individual layers may be clearly distinguished and their thicknesses were accurately
determined. On the other hand, the in-depth resolution of the method does not allow
observing the multilayer structure for bilayer periods less than 40 nm. The aim of the
presented BRS analyses was to evidence the well structured multilayered coatings.
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Fig. 22. RBS spectrum from a ZrN/TiN multilayer; n =5; A = 80 nm, I = 0.5 (experimental-
thick line; simulated data-thin line)
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For the ZrN/TiN-40/7 ML type, the measured reflectivity at A = 13.5 nm, at grazing
incidence angles ranging from 6° to 15° (Fig. 23) proved to be in good agreement with the
values obtained by modelling (Fig. 5).

The observed decreasing of the EUV reflectivity, as compared to the ideal values, is due to
the surface contamination in open air during sample manipulation.
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Fig. 23. Simulated (modelled) and measured reflectivity of ZrN/TiN/40/7 samples at 6° -
15° grazing incidence angles at A = 13.5 nm

The microhardness and critical load (L) values of different coatings, when deposited on
high-speed steel substrates are given in Table 5.

The existence of a narrow range of A values for which the hardness reaches its maximum
value was already found for other ML with low A values, also known as superlattices [Shih
& Dove, 1992], [Yang et al., 2002], [Barshilia et al., 2006], [Balaceanu et al., 2005],[Braic at al.,
2006], [Abadias et al., 2007], being explained as the result of the combined effects of different
strengthening mechanisms as Hall-Petch and Koehler models, coherency strain effects
[Helmersson et al., 1987], [Yashar & Sproul, 1999], [Musil, 2000].

Coating HVoo15 (GPa) | L. (N)
TiN 24 48
ZrN 21 56
ZrTiN 28 47
ZrN/TiN -1100/6 23 52
ZrN/TiN -700/9 34 58
ZrN/TiN - 900/7 35 57

Table 5. Mechanical characteristics of the films

As for the adhesion, the critical failure loads L. for the monolayers in the scratch test were in
the range of 47 - 56 N, the highest value being measured for ZrN layer. A higher adhesion
strength was found for the ZrN/TiN - 700/9 coatings (L. = 58 N). The result might be
accounted for by the reduction in residual stress by the multilayered structure, as commonly
reported for various multilayers, e.g. [Oh & Je, 1993]. It can also be seen that the adhesion
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decreased with decreasing bilayer period. This finding could be attributed to the role played
by the interfacial bonding, coherency strain and interfacial delamination [Abadias et al.,
2007], which is more pronounced as the number of layers, and hence interfaces, increases.

7. Conclusions

ZrN/TiN reflective hard coatings with bilayer periods A ranging in the nanometre range
were successfully deposited on Si, optical glass and other test substrates using the pulsed
bipolar magnetron sputtering method. The monolayer films of ZrN and TiN were almost
stoichiometric (N/Zr=0.9 and N/Ti=1.1). The XRD patterns of the ML with small A values
exhibited a pattern typical for superlattice coatings, consisting of a main Bragg peak
surrounded by satellite peaks. Ion bombardment (5 keV Ar*) of the MLs, intended to mimic
the bombardment with EUV source debris, showed for the ZrN layer a slight decrease of
the rms roughness with 0.3 nm after 30 minutes of ion bombardment. The multilayers with
bilayer period A in the 7 - 9 nm range were the hardest (~ 35 GPa) and exhibited the best
substrate adhesion, but good adhesion values were obtained for all the other coatings as
well. The deposited films with a multilayered architecture led to an enhanced ion
bombardment resistance, presenting promising reflectivity values for 13.5 nm EUV
radiation. The obtaining of dense, adherent and highly reflective coatings for grazing
incidence is a valuable research direction, using the bipolar pulsed magnetron sputtering
deposition method.

As future challenges, a diversity of problems such as the ability to create a reliable high
power EUV source, the maintenance of EUV mirrors through the use of debris mitigation
schemes and the cleaning of contaminants, the development of a resist with low line edge
roughness, and of a defect-free EUV mask, need to be solved. Each challenge needs to be
overcome for EUVL to be a viable candidate for high volume manufacturing. The
combination of efficient debris mitigation schemes, innovative methods for mirrors quick
cleaning in adequate gases, as well as new coatings with high toughness, high adhesion and
chemical inertness will provide the optimal design for EUVL systems, as reliable tools for a
cost effective process for the mass production of nano-electronics components.
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