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High resolution imaging systems for EUV range are based on multilayer optics. Current genera-
tion of EUV lithography uses broadband Sn LPP sources, which requires broadband mirrors to
fully utilize the source power. On the other hand, there always remains a possibility to use FEL
or synchrotron as EUV source. FEL can produce very bright narrowband EUV light of a tunable
wavelength, and the spectral bandwidth of the mirror is no longer a restriction. In this paper we
look at the consequences of switching to different wavelengths if FEL source is used. For instance,
it is known that the reflectance of Mo/Si multilayers increases when approaching Si L-edge, and
the spectral bandwidth drops. But the behavior of an angular bandwidth (and its relation with the
spectral bandwidth) is usually left out. It is also sometimes assumed that these bandwidths are
correlated. For a large aperture EUV optical system with diffraction-limited resolution angular accep-
tance of a mirror is also a very important parameter. We show that the angular bandwidth of several
multilayer systems (Mo/Si, Mo/Be, Ru/Si, Ru/B, La/B) actually increases close to spacer absorption
edges, opposite to what occurs with the spectral bandwidth. We study this effect and show that
it is caused by an interplay of changing optical constants of respective materials used in these
multilayer combinations. We also provide an experimental check of the angular bandwidth of Mo/Si
multilayers at 13.5 and 12.6 nm, which confirms our calculations.

Keywords: Mutlilayer, EUV Photolithography, Free Electron Laser.

1. INTRODUCTION

High resolution imaging systems for the Extreme UV

(EUV) wavelength range are based on multilayer reflec-

tive optics.1 The most advanced imaging system in micro-

electronics technology to date is EUV photolithography at

13.5 nm wavelength, hence the motivation for our work

lies in the possible improvement of Mo/Si-based multilay-

ers. These mirrors have a theoretical reflectance of more

than 73% (Si-capped) at near normal incidence, with the

best experimentally produced interface engineered multi-

layers reaching a reflectance of 70.3%.2 Since the optical

systems may consist of up to 11 mirrors, the total through-

put is essentially reduced. This emphasizes the importance

of maximizing the mirror reflectivity and, at the same time,

the yield of the respective EUV light source. There are

several different source types available in EUV range:3

laser produced plasmas (LPP), discharge produced plas-

mas (DPP), free electron lasers (FEL) and synchrotrons.

∗Author to whom correspondence should be addressed.

The first two are more compact, and allow for a gran-

ular lithography approach, which may explain why they

are currently considered as mainstream sources for EUV

lithography. These sources can be broadband or narrow-

band, depending on the emission spectrum used. The pre-

vailing high brightness source for industrial needs uses a

broad Sn line spectrum around 13.5 nm. To achieve higher

throughput and higher integrated reflectance such broad-

band source needs broadband mirrors.

EUV multilayers are designed for a wavelength slightly

above the absorption edge of the spacer material. For

example, it is known4 that the maximal reflectance of

a Mo/Si multilayer mirror in EUV range depends on a

wavelength—the closer to Si absorption edge, the higher

the reflectance. It is also known that the spectral bandwidth

of Mo/Si multilayer mirror decreases when approaching

the edge. Therefore for a broadband source, where the

total throughput depends on the integrated reflectance over

the given spectral range, the optimal wavelength would be

away from the edge.4 Alternative light sources such as free

electron lasers (FELs) are capable of producing a narrow
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spectrum of EUV light of very high average power (exam-

ples are FLASH5 and FERMI6�. In the case of FEL the

operational wavelength can be shifted close to Si L-edge in

order to obtain more reflectance from the Mo/Si mirrors.

Although for FEL the spectral bandwidth of the mirror

is no longer a restriction for an optical system, the angular

bandwidth still might be. For a diffraction-limited optical

system it influences the numerical aperture, and therefore

affects resolution as well. It is generally assumed that the

angular and spectral bandwidths are correlated. However

as it will be shown here, it is not always the case. In this

paper we first investigate an interplay between the angular

and spectral bandwidth theoretically for several different

multilayers, Mo/Si, Mo/Be, Ru/Si, Ru/B, and La/B. After

that we perform an experimental check of the observed

behavior on an example of a Mo/Si multilayer, considering

the lack of multi-wavelength measurements of the angular

dependencies of EUV multilayers in literature.

2. THEORETICAL

Following the Bragg’s law 2d sin �0 = m�0, it could be

intuitively concluded that the angular and spectral band-

widths are correlated. This assumption is supported by the

following analytical approximation:7

�� = 2

√
��

�0

(1)

where �� and �� are the angular and spectral bandwidths

(full width of half maximum of the corresponding Bragg

peak, as shown in Fig. 1), and �0 is the resonance wave-

length in the Bragg’s equation. �0—the resonance angle

in the Bragg’s equation, defined with respect to the sam-

ple surface—is equal to 90�. An underlying assumption

made in the derivation of Eq. (1) is that the optical con-

stants (n = 1−�+ i�, where � and � we also call opti-

cal constants) of elements composing a multilayer are not

changing with wavelength. However, it is well known that

even away from absorption edges optical constants are

not constant.8 We decided to test the validity of Eq. (1)

and calculate the behavior of the angular and spectral

bandwidths for the realistic situation of varying optical

constants.

The calculations of the multilayer reflectance were car-

ried out using the Abeles matrix formalism in an algorithm

described in Ref. [9]. All the theoretical dependencies pre-

sented in this paper are calculated for s-polarized light for

the multilayers with period thicknesses and layer fractions

(� -ratios) optimized for maximal reflectance at a given

wavelength and incidence angle. For simplicity we con-

sider ideal multilayer structures with no roughness or inter-

layers. The number of bilayers in each case is always high

enough that the residual transmittance through the multi-

layer stack is �1%. The optical constants of given ele-

ments are calculated from the atomic scattering factors of

the corresponding elements, taken from CXRO database.8

Figure 1. Reflectivity of ideal Mo/Si multilayers at 13.5 nm as a func-

tion of the incident angle. The multilayers are optimized for �0 = 90�

and �0 = 70�. The corresponding FWHM of the Bragg peaks �� are also

shown.

We calculated wavelength dependencies of the maximal

achievable reflectance Rmax, spectral and angular band-

widths �� and �� for several different multilayer systems:

Mo/Si, Ru/Si, Mo/Be, Ru/Be, Mo/Y, Ru/Y, Ru/B, La/B.

To avoid redundant information we chose a representa-

tive selection of the key systems which illustrates well the

generally observed behavior: Mo/Si, Ru/Si, Mo/Be, Ru/B,

La/B. Mo/Si is the key multilayer combination for EUV

lithography, while Ru/Si can be a viable wideband replace-

ment of Mo/Si in EUV photomasks, having lower pen-

etration depth and higher spectral bandwidth.10	11 Mo/Be

and La/B are included as the optional choices of high-

reflectance multilayers for the wavelengths lower than

13.5 nm.12	13 Only these selected multilayer combinations

are used for the calculation presented in Figure 2. The pre-

sented dependencies R = f 
�0� are well known in litera-

ture, and their behavior is confirmed by many experiments

carried away from the corresponding absorption edges of

the spacers. The dependencies ��= f 
�0� in Figure 2(B)

behave as expected as well: �� scales with the wave-

length �0. On the other hand, �� = f 
�0� in Figure 2(C)

have more complex behavior. To check applicability of the

approximation (1) we plot �� as a function of
√
��/�0

in Figure 2(D). The resulting dependence does not always

follow the expected straight line. For each multilayer there

is a region of �0 in which it behaves close to Eq. (1), but

closer to the absorption edge of a spacer the dependence

always strongly deviates from Eq. (1). Moreover, in this

region, �� and �� start to change in different directions,

�� decreases while �� increases. For B- and Be-based

multilayers this effect is observed very close to the corre-

sponding edge: ∼6.6–7.0 nm for Ru/B, ∼6.6–7.8 nm for

La/B, and 11.2–11.8 nm for Mo/Be. For Si-based multi-

layers it is observed in a significantly wider range: from

Si L-edge until 15.6 nm for Mo/Si and 15.2 nm for Ru/Si.

If in case of B and Be the proximity to the edge could still

explain the deviation, it cannot for Si.

J. Nanosci. Nanotechnol. 19, 602–608, 2019 603
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Figure 2. Calculated wavelength dependencies for several multilayers combinations, �0 from the spacer edge to 20 nm, �0 = 90� (normal incidence).

The multilayer period and �-ratio are optimized for each point. La has its own edge at 92 eV (∼13.5 nm), therefore for La/B multilayers the wavelength

range was limited to 6.6–10 nm. (a) R = f 
�0�, generally increasing towards a spacer absorption edge. (b) �� = f 
�0�, monotonously decreasing

towards a spacer absorption edge. (c) �� = f 
�0�, showing non-monotonous behavior. (d) �� = f 

√
��/�0�, showing deviation from a straight line

(black), expected by approximation (1). The deviation occurs closer to spacer edge, and especially pronounced for Mo/Si and Ru/Si from 12.5 to

15.6 nm. For each curve two wavelengths (in nm) are shown as solid dots: The point of the highest reflectance (closest to the absorption edge) and a

turning point, at which �� = f 

√
��/�0� changes the sign of its derivative.

The calculations shown above indicate that the approx-

imation (1) cannot be applied to realistic systems with

changing optical constants. On initial consideration the

deviation from this approximation can be explained as fol-

lows. The spectral Bragg peak is influenced by the changes

in the optical constants within the peak itself, while the

angular Bragg peak is measured at a constant wavelength,

therefore it is independent on the changes in the optical

constants. However, this explanation can easily be proven

wrong. It predicts that �� would not change its behavior.

But in Figure 2 it is �� that behaves monotonously, while

�� is the parameter with more complex dependence.

To check the boundaries of approximation (1) we per-

formed calculations of R
�0�, ��
�0� and ��
�0� for

Mo/Si multilayers, where optical constants of Mo Si or

both were fixed to their corresponding values at 13.5 nm.

The relationship between �� and �� is shown in Figure 3.

We observe that in case of the fixed optical constants for

both Mo and Si, �� monotonously decreases with ��

(Fig. 3, solid red curve). So in case of the Mo/Si multi-

layer the approximation (1) will qualitatively comply if the

underlying assumption of not changing optical constants

with wavelength is fulfilled. At the next step we checked

the conditions that would prevent the approximation from

being complied. In particular we checked whether there

is any specific optical constant of the spacer or reflec-

tor, which would be responsible for the broken correlation

between the angular and spectral bandwidths. For that, we

ran calculations with alternatively fixing each of the opti-

cal constants one at a time. The results shown in Figure 3

imply that only when all the optical constants are fixed at

the same time, the bandwidth behavior is similar to the

analytical approximation in the whole wavelength range.

We could not achieve this by fixing any optical constant

separately (�Si	�Si	 �Mo	�Mo� or in pairs (�Si and �Si, �Mo

and �Mo�. As a result, we conclude that it is the changes

in every single optical constant that are responsible for the

deviation from the analytical approximation (1). The final

optical response is determined by an interplay between all

the optical constants of Mo and Si.

Additionally to the optical constants there is yet another

quantity which should be playing a role in spectral and

604 J. Nanosci. Nanotechnol. 19, 602–608, 2019
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Figure 3. Calculated relation between �� versus �� in a form of

dependence �� = f 

√
��/�0�, shown for normal incidence ideal Mo/Si

multilayers with modified optical constants of Mo and Si. A straight line,

expected by the approximation (1) is also shown. Only if all the optical

constants (�Si, �Si, �Mo, �Mo� are fixed, �� versus �� relation resemble

the approximation (1), although shifted.

angular bandwidth of a multilayer. It is penetration depth.

However, since we show that the angular and spectral

bandwidth are not necessarily correlated with each other,

the penetration depth alone cannot be used to explain the

different behavior of the angular and spectral bandwidth.

3. EXPERIMENTAL DETAILS

To perform an experimental comparison of the angular

bandwidths of Mo/Si multilayers at 13.5 nm and closer

to Si edge, we deposited 50-period Mo/Si multilayers,

designed to reflect at near-normal incidence of 88.5� at

13.5 and 12.6 nm. We aimed for a relative comparison

of these multilayers, there was no interface engineering or

roughness control applied. The multilayers were deposited

by DC magnetron sputtering at MS1600 coater designed

by Roth and Rau, which has UHV base pressure (10−8

mbar). The coatings were done on superpolished 25×
25 mm2 Si substrates with native oxide and 0�15±0�05 nm
surface roughness. The multilayers had an accurately con-

trolled period thickness gradient along the surface of the

samples to cover a certain range of wavelengths (at a fixed

angle of incidence), or a range of angles of incidence (at

a fixed wavelength) at which the multilayers would have

the highest reflection. The samples designed for the wave-

lengths near 12.6 nm had period thicknesses in a range

from 6.2 to 6.5 nm, and the samples for near 13.5 nm

had period thicknesses in a range from 6.7 to 7 nm. The

samples were � -optimized with a step of 0.05 in order to

achieve the maximum reflectance at 13.5 and 12.6 nm at

near-normal incidence.

EUV reflectance measurements of all of the samples

were performed at Bessy II beam-line at Physikalisch-

Technische Bundesanstalt (PTB) in Berlin.14 Each sepa-

rate measurement essentially gives a spectral Bragg peak

around a given wavelength (Fig. 4). Several points on each

sample were measured, which allowed us to obtain exper-

imental dependencies of R
�0� and ��
�0� for angle of

Figure 4. Spectral Bragg peaks of Mo/Si multilayers, measured at

13.5 nm and 12.56 nm.

incidence 1.5� off-normal (�0 = 88�5��. Note that EUV

reflectance measurement setup at PTB can only measure

up to 88.5�

It is less straightforward to measure ��
�0�, so here it is

described in more details. We selected several wavelengths

�sel at which �� would be measured. Then we selected

the positions on the samples with the optimal period that

would provide the highest reflectance at these given �sel at

near normal incidence, and measured R
�� on them with a

special procedure described below. For a fixed multilayer

period the wavelength and incidence angle can still be var-

ied, which allows to measure a number of R
�� curves,

which have maxima at different �0. As shown in Figure 1,

there can be a strong difference between these curves, as

well as between the angular bandwidths �� extracted from

them. A certain precision in determination of �0 is required
to enable a comparison of the angular bandwidths, so the

measurement were done such that both � and � were var-

ied. This way the dependencies ��
�0� for each �sel were

measured, with �� at �0 = 88�5� being derived from these

measurements.

The reflectance measurement setup at PTB can vary

wavelength much more rapidly than the angle of inci-

dence. Therefore in the measurement procedure we did

not directly measure R
�� curves for each �0. Instead, we
measured R
�� curves for each �0. This effectively creates

a three-dimensional matrix of triplets (R	�	��, therefore
with enough density of points �0 we can convert these

dependencies into R
�� for every �. It is possible to obtain

the desired form R
�� for every �0 as well. Each R
��
has maximum R at a point (Rmax	 �0�. This allows to sort

dependencies R
�� by �0 instead of �.

4. RESULTS

The results of all the measurements are shown in Figures 4

and 5. The Bragg peaks with the highest achieved reflec-

tivity values for 13.5 nm and closest to the edge, 12.56 nm,

are presented in Figure 4. The experimental dependence

R
�0� is shown in Figure 5(A). Since our multilayer

J. Nanosci. Nanotechnol. 19, 602–608, 2019 605
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Figure 5. (a) Wavelength dependence of the highest reflectance of Mo/Si multilayers at �0 = 88�5� (experimental—solid points, theoretical—dashed

line). The theoretical dependence was calculated for an ideal multilayer and scaled down for better visual comparison. The multilayer period d and

�-ratio were optimized. (b) Wavelength dependence of the spectral bandwidth �� of Mo/Si multilayers at �0 = 88�5� (experimental—solid points,

theoretical—dashed line). The multilayer period and �-ratio were optimized. (c) Dependences ��
�0� (angular bandwidth as a function of resonance

angle) for Mo/Si multilayers optimized for 13.5, 12.8 and 12.6 nm. Within each curve the multilayer period and �-ratio were fixed, wavelength � was

optimized to obtain the angular dependencies with maxima at different �0. Experimental data—solid dots, connected with the best fitted 2nd degree

polynomial, theoretical—dashed lines. (d) Wavelength dependence of the spectral bandwidth �� of Mo/Si multilayers at �0 = 88�5� (experimental—solid

points, theoretical—dashed line). The multilayer period and �-ratio were optimized.

stacks were not interface engineered or optimized in

terms of roughness, the maximum achieved reflectance

was relatively low: 68.7% at 13.5 nm, 69.8 at 12.7, 70%

at 12.6 nm, and 70.2% at 12.56 nm. Note that below

12.56 nm the reflectance starts to sharply decrease. The

total uncertainty of each of these R values is around 0.1%

with a reproducibility of 0.05%.15 The increase of 1.5%

from 13.5 to 12.56 nm and 1.1% from 13.5 to 12.7 nm is

similar to what was observed in other experiments: about

1% from 13.5 to 12.7 by Bajt et al.,16 or Stuik et al.4

The obtained full experimental dependence R
�0� has a

trend very close to the calculated one (comparison shown

in Fig. 5(A) with calculated curve scaled down), with only

one notable exception—the drop of R starts at a longer

�0 in experiment than in theory. In experiment the high-

est possible reflectance is achieved at 12.56 nm, while in

calculations it is 0.1 nm lower.

The measurements of the spectral bandwidth ��
�0� are
presented in Figure 5(B). We observed a drop in �� of

0.14 nm, from 0.55 nm at 13.5 nm to 0.41 nm at 12.6 nm.

It corresponds well to the calculations, and so does the

general behavior of ��
�0� curve (comparison shown in

Fig. 5(B)). ��
�0� is much more sensitive to the exact

� -ratio than R
�0�. However the onset for the abrupt jump

of the spectral bandwidth occurs at a larger �0, just as in

case of R
�0�.
The measurements of the angular bandwidths are shown

in Figures 5(C) and (D). We selected three wavelength

values at which this was measured: �sel = 12.6, 12.8 and

13.5 nm. Figure 5(C) shows experimental and calculated

dependencies ��
�0� with extrapolation to �0 = 90�. All
three curves ��
�0� are indistinguishable within the pre-

sented error margins. Figure 5(D) shows the obtained val-

ues of �� at the highest measurable angle �0 = 88�5� as a
function of wavelength �0, and a comparison with the cal-

culated dependence. For all three measured wavelengths

�� turns out to be within the measurement uncertain-

ties: 8�94± 0�13� for 12.6 nm, 8�81± 0�12� for 12.8 nm,

8�9± 0�2� for 13.5 nm. Therefore there is no experimen-

tally observable trend. The calculated trend is quite small

as well, and falls within the error margin of the exper-

iment. So we do not observe a statistically significant

606 J. Nanosci. Nanotechnol. 19, 602–608, 2019
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increase in the angular bandwidth. But compared to the

25% drop of �� we still show a significant deviation from

the correlation between �� and ��, as expected from our

calculations.

5. DISCUSSION

The highest measured reflectivity for Mo/Si multilayer

was achieved at 12.56 nm, while the calculations using

the atomic scattering factors from CXRO show the high-

est reflectivity at 12.45 nm. This difference of 0.1 nm

is significant and must be associated with the choice of

the optical constants. For comparison, in an earlier work

there was no noticeable difference in the position of max-

imum reflectance observed near the B absorption edge at

∼6.6 nm in for LaN/B multilayers, but for La/B multi-

layers the experimental position was 0.2 nm higher.17	18

In this work the data for Si were taken from the CXRO

database for crystalline Si. However, the optical constants

of the Si deposited in our work could differ. In addition to

that, compound formation between Mo and Si can shift the

position of the absorption edge. We were not able to find

any good quality data for optical constants of molybdenum

silicides close to the Si L-edge. However it is still possible

to estimate a shift of the Si L3-edge from the existing data

about the binding energy shifts of Si 2p3/2, using its XPS

peak. This information became recently available for the

full range of molybdenum silicides.19 However based on

this data there is no defined direction in which the Si 2p
peak is expected to shift in Mo/Si multilayers due to sili-

cide formation. In a Si-rich compound such as MoSi2, the

binding energy would shift to higher values up to 0.15 eV,

while in a Mo-rich compound such as Mo5Si3 it would

shift to lower values up to 0.15 eV. Different silicides are

formed at different interfaces in Mo/Si multilayers, with

a tendency for MoSi2 formation at the Mo-on-Si inter-

face, and Mo5Si3 at the Si-on-Mo interface.19 The Mo-

on-Si interface is known to be thicker than the Si-on-Mo

interface.20	21 On the other hand the silicide with lower

Si 2p energy (Mo5Si3 at Si-on-Mo interface) would play

a bigger role at the high-wavelength side of the Si L3-

edge. It is difficult to predict how exactly this would influ-

ence the wavelength at which the reflectivity drop of the

Mo/Si multilayer is observed, but a simple estimation can

be made. The shift of Si L-edge by 0.1 nm to the higher

wavelengths would mean an energy shift of 0.85 eV. Such

large energy shift is not expected from the available XPS

data. So the silicide formation cannot explain the observed

differences between the measured and calculated reflec-

tivities near the Si absorption edge. Future studies will

need to experimentally verify if the optical constants of

the deposited Si can vary to the extent that explains the

observed shift in Si L-edge.

It is difficult to accurately predict the effect of the angu-

lar bandwidth on an EUV imaging system, because it

strongly depends on the design of that system. However,

we can make a simple estimate for a photolithographic

system in which the numerical aperture NA∝ sin �. If the
resolution of such a system is limited by diffraction and

any other lithography process-related factors are constant,

the minimal resolvable feature size (critical dimension) is

CD∝ �/NA. We can use this formula to calculate the dif-

ference of CD when using a wavelength of 12.56 instead of

13.5 nm. Based on the calculated �� values we can get a

11% decrease in CD when moving from 13.5 to 12.56 nm.

For the measured �� values we calculate a 7.9% decrease

in CD when moving from 13.5 to 12.6 nm. This allows us

to conclude that, based on our calculations and the pilot

experiment, there are potentially two advantages of using

an EUV photolithographic system closer to the Si edge (at

∼12.56 nm): a higher reflectivity (higher throughput) and

a better resolution (lower CD). In case of usage of a nar-

rowband light source there are also no disadvantages, as

the decrease of the spectral bandwidth is not a restriction

for it.

6. CONCLUSIONS

We studied the wavelength dependence of the angular and

spectral bandwidth of different multilayer reflective sys-

tems: Mo/Si, Mo/Be, Ru/Si, Ru/B and La/B. According to

an analytical approximation for constant optical constants,

these bandwidths should be correlated. However, our cal-

culations showed that in case of the changing optical con-

stants with wavelength, as it occurs in real materials, the

angular and spectral bandwidths are not always corre-

lated. We demonstrate that the angular bandwidth of the

considered multilayer systems actually increases towards

spacer absorption edges, opposite to the spectral band-

width. Based on the calculations we conclude that changes

in any of the optical constants of the spacer or reflector

result in the deviation from the analytical approximation.

But it is an interplay between them that determines the

final behavior of the optical response. The effect is espe-

cially significant in the vicinity of the absorption edges

where the optical indices of materials change significantly.

The observed effect was checked experimentally on a

Mo/Si multilayer. The calculated and experimental trends

of the reflectivity, angular and spectral bandwidths were

found to be qualitatively in a good agreement. At the

same time, the experimental values were systematically

lower than the values calculated for ideal Mo/Si multilay-

ers. Additionally it was found that the drop in reflectance

associated with the Si absorption L-edge occurs at a higher

wavelength than in calculations based on the atomic scat-

tering factors from the CXRO database.

Both calculations and experimental data suggest that

in case of a narrow band light source (e.g., a free elec-

tron laser) used for EUV imaging with Mo/Si multilayer

mirrors, the wavelength of choice should be closer to Si

edge, around 12.56 nm (in this research), instead of the

currently used 13.5 nm. The obvious benefit is about a
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1.5% higher reflectance per Mo/Si multilayer mirror near

the Si edge, which would result in a better throughput

(about 25% higher for 11-mirror system) and reduced

thermal load of the total optical system. Additionally we

show that, counterintuitively, the angular bandwidth of

Mo/Si multilayers does not decrease when moving from

13.5 nm to the Si edge as could be expected based on

the behavior of the spectral bandwidth. This means that

the numerical aperture of an imaging system will not be

affected while the printable feature size can be reduced

by 8–11% due to moving from 13.5 nm to 12.56 nm.

The effect of wavelength is different for different multi-

layers. For example, at 13.5 nm Ru/Si multilayers have a

higher spectral bandwidth compared to Mo/Si multilayers,

but lower reflectance and angular bandwidth. At 12.56 nm

the optical response of Ru/Si becomes almost equivalent to

Mo/Si, possibly giving additional freedom in the choice of

materials.
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