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Abstract. The spectral properties of LaN/B and LaN∕B4 C multilayer mirrors have been investigated in the 6.5 to 6.9 nm wavelength range,
based on measured B and B4 C optical constants. We show that the wavelength of optimal reflectance for boron-based optics is between 6.63 and
6.65 nm, depending on the boron chemical state. The wavelength of the
maximum reflectance of the LaN∕B4 C multilayer system is confirmed
experimentally. Calculations of the wavelength-integrated reflectance
for perfect ten-multilayer-mirror stacks show that a B-based optical column
can be optimized for a wavelength larger than 6.65 nm. © 2012 Society of
Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JMM.11.4.040501]

Subject terms: multilayer mirrors; next generation extreme ultraviolet lithography
photolithography; optical constants; La/B4C; LaN/B4C.
Paper 12081L received Aug. 13, 2012; revised manuscript received Sep. 19, 2012;
accepted for publication Sep. 27, 2012; published online Oct. 19, 2012.

1 Introduction
Reducing the operating wavelength in advanced photolithography while maintaining the lithography machine’s productivity has been a traditional way to enable improved imaging
for the last 20 years. The transition from 13.5 nm to 6.5 to
6.9 nm optical lithography offers a possibility to combine
high imaging capabilities using a manageable process window.1 It is shown2–7 that around 6.6 nm wavelength, the highest reflectance is obtained with multilayer mirrors based on
lanthanum as a reflector and boron as a spacer material.
Boron is the preferred spacer material for this wavelength
because of the close proximity to the boron K-absorption
edge.8,9
The mirrors for this next generation photolithography
require twice shorter bi-layer thickness and approximately
four times more layers than Mo/Si mirrors for 13.5 nm
extreme ultraviolet lithography (EUVL). The need for a larger amount of periods significantly reduces the optical bandwidth of the multilayer and thus of a 10-mirror La∕B4 C
based optics: 0.6% compared to 2% for Mo/Si. To enhance
the reflectivity of La/B-based multilayers, it might be beneficial to use the technology of contrast enhancement of the
interface diffusion barriers similar to that applied in existing
13.5 nm deposition technologies.10 Currently the measured
normal incidence reflectance from real La/B-based multilayers is significantly lower than the theoretically predicted
value. One of the factors limiting the reflectance is intermixing at the interfaces between La and B. It has been shown11
that nitridation of the La layer has a high potential to reduce
intermixing due to the formation of the chemically more
stable LaN compound.
Key in the design of the next generation EUVL optics will
be to match its optimum wavelength to that of the candidate
EUV sources based on, for instance, Tb or Gd plasmas. The
published emission spectra12 from these materials show the
highest intensities at 6.52 and 6.78 nm, respectively.
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Here, we have studied the spectral properties of LaN/B
and LaN∕B4 C multilayer mirrors by examining the influence
of the B and B4 C optical constants on the B-based multilayer
reflectivity profile. We confirm the theoretically obtained
wavelength dependence of LaN∕B4 C mirrors with experimental data and find clear data on EUV-optical properties
of candidate materials and optics.
2 Application of Measured Optical Constants for
Simulation of Multilayer Reflectivity
Calculations of multilayer reflectivity profiles strongly
depend on optical constants. The most complete optical constants database in the soft and hard x-ray wavelength range
has been published by Henke et. al.13 and its most updated
version can be obtained from the Centre for X-Ray Optics
(CXRO) website.14 The CXRO optical constants for La
have been recently updated with experimental values.15
For boron in the 6.x nm wavelength range, the CXRO optical
constants are based on theoretical calculations using the
independent atom approximation and can be less accurate,
especially in the vicinity of the absorption edge. In addition,
possible shifts of the boron absorption edge due to chemical
interaction with other species, for example carbon, should be
taken into account. The solution to this problem is to use
measured B and B4 C optical constants.16–18
The wavelength dependencies of the peak intensities calculated for LaN/B and LaN∕B4 C multilayer mirrors using
measured B and B4 C and CXRO B4 C optical constants
are shown in Fig. 1. Here calculations were done for an
ideal multilayer model as described in detail in Ref. 19. A
significant difference between the CXRO database and measured optical constants is observed around the adsorption
edge: the CXRO data shows a steep drop in reflectance
for a wavelength below the edge, whereas the use of the measured data results in a more gradual drop in reflectance.
Comparing reflectivity profiles of B- and B4 C-based multilayers calculated with measured optical constants, we
observe a minor shift of the wavelength of maximum reflectance. For LaN∕B4 C the maximum reflectivity can be
achieved at λ ¼ 6.63 nm while for LaN/B this maximum
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Fig. 1 Peak reflectivity of a perfect LaN/B multilayer mirror calculated
using measured B optical constants (16) (line) and a LaN∕B4 C multilayer mirror calculated using measured (17) (dashed) and Henke (13)
(dashed-dotted) optical constants.

reflectance is found at λ ¼ 6.65 nm. This difference can be
explained by the 1s B binding energy chemical shift caused
by formation of the boron-rich carbide. The most common
structure of B4 C contains four B11 C icosahedrons and CBC
chain as a unit cell,20–22 while pure crystalline or amorphous
boron contains B12 icosahedrons.23 Because of the large variety of possible bonds20 in B4 C, we cannot speak about a
well-defined absorption edge position. The total effect of
the presence of 20% of C in the boron matrix shifts the
onset of photoabsorption of B4 C to higher energies with
about 1 eV compared to amorphous and crystalline B.24
The origin of the B and B4 C-based multilayer EUV reflectivity drop at shorter wavelengths is the increase of B absorption. The shift of the absorption onset will lead to the shift of
optimal wavelength. Our calculations yielded a difference in
the optimal wavelengths of B and B4 C based multilayers of
0.02 nm or ∼0.6 in eV, to be compared to the 1 eV shift found
above. For estimation of the transmission of an EUV lithography system, we have calculated the integrated reflectivity
of the convolution of a system consisting of 10 single-mirror
normal incidence mirrors optimized for various wavelengths.

In Fig. 2, we show the normalized integrated reflectivity calculated for LaN∕B4 C and LaN/B using the measured optical
constants in combination with the indication of measured Tb
and Gd source spectral regions.12 All features of the singlemirror peak reflectivity spectra are more pronounced on the
10 mirror integral reflectivity spectra. Figure 2 shows clearly
that the wavelength of maximum throughput is at a slightly
different wavelength: for the LaN/B material combination,
this is at λ ¼ 6.67 nm while for LaN∕B4 C it is at
λ ¼ 6.67 nm. These values are 0.02 and 0.01 nm higher
compared to the optimal wavelength of a single B and
B4 C-based mirror, respectively, because of the influence
of the wavelength-dependent bandwidth on the integrated
reflectivity.
Comparing the calculated transmission of an LaN/B multilayer coated 10 mirror optical system to the source spectra,
we conclude that only the Tb source can be tuned to the optimal wavelength for this multilayer: λ ¼ 6.67 nm. However,
the difference of the optical throughput at λ ¼ 6.67 nm and
λ ¼ 6.8 nm, where Gd can be used as a source material, is
only ∼20% for both the LaN∕B4 C and LaN/B material combination. That means that the final choice of the wavelength
may depend on the relative intensities of Tb and Gd radiation. Another factor, not taken into account in this paper, is
the optical design of the lithographic system.
3 Normal Incidence EUV Reflectance
To test the influence of the real multilayer structure on the
reflectivity profile, 150 period LaN∕B4 C multilayer mirrors
with different bi-layer thickness ranging from 3.3 to 3.5 nm
have been deposited. The period variation allows determining the normal incidence peak reflectivity for the wavelength
range from 6.5 to 7.2 nm. The measured maximum reflectivity values for different wavelengths are shown in Fig. 3.
The reflectivity has been measured at the radiometry laboratory of the Physikalisch Technische Bundesanstalt (PTB)25
using synchrotron radiation of the BESSY storage ring in
Berlin, Germany. A maximum reflectance of 47.2% is
observed at λ ¼ 6.635 nm. The measured wavelength of
maximum reflectivity is in good agreement with the calculated value of a perfect LaN∕B4 C mirror described above.
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Fig. 2 Normalized integrated reflectivity for a 10-element mirror system consisting of LaN/B (red) and LaN∕B4 C (green) multilayer mirrors, as calculated using measured optical constants for B (16)
and B4 C (17). The region of the Tb radiation spectrum is indicated
with a green background and of Gd with a red background (12).
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Fig. 3 Measured and fitted peak reflectivity for a 150 period LaN∕B4 C
multilayer mirror. The mirror had a lateral gradient in periodicity. The
data points represent the maximum reflectance and corresponding
wavelength at various positions on the mirror.
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To explain the obtained reflectivity, we calculated the
reflectance spectrum for each measured multilayer. The
thus calculated spectra were fitted to the measurements
and the peak reflectance of the fitted spectra is shown in
Fig. 3. The model used for these calculations consists of
150 periods of LaN and B4 C layers with different bi-layer
thickness for each measured sample. Layer densities and
interface roughness were the same for all samples. To
have a proper fit of the reflectance dependency on the wavelength in Fig. 3, the La density is reduced to 5 g∕cm3 , while
a B4 C density of 2.5 g∕cm3 has been used. The interface
roughness, as described by the Debye–Waller factor, equals
0.7 nm for the LaN-on-B4 C interface and 0.4 nm for the
B4 C-on-LaN interface. Modeling the reflectance profile
turns out to be sensitive to the asymmetry of the interfaces
but less sensitive to which of the interfaces is the larger one.
Finally, for the wavelength region of 6.8 to 7.2 nm, Fig. 3
shows a slope that is steeper than in the calculations for
the ideal multilayer represented in Fig. 1. This is explained
by the decreased optical contrast due to the lower than bulk
density of the La in the LaN layers. Reflectivity improvement requires optimization of the deposition process in
order to reduce the interface roughness as well as optimization of the nitridation process. This interface engineering
challenge can be solved using reactive or inert ion or plasma
treatment during La or B4 C layer deposition or ion/plasma
post treatment of deposited layers.
4 Conclusions
We have shown that for the evaluation of the performance of
LaN/B and LaN∕B4 C multilayer optics near the boron K
absorption edge, the boron chemical state has to be taken
into account. Experimentally determined optical constants
were found to properly describe the optical response, as is
demonstrated with an experimental verification for a
LaN∕B4 C multilayer mirror.
The calculated reflectivity of perfect multilayers, i.e., having zero interface roughness, shows that the optimal transmission of a B-based 10-mirror optical system is at a
wavelength of 6.67 nm. For a wavelength larger than
6.67 nm there is a slight drop of reflectivity, while for smaller
wavelengths the reflectance drops dramatically. Obviously,
optimizing the design and fabrication of multilayer mirrors
for photolithography systems for wavelengths beyond the
current extreme UV requires a trade-off between the multilayer reflectivity response, the eventual source emission and
photo resist absorption characteristics, too.
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