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Abstract: High-intensity X-ray free electron laser (XFEL) beams require optics made of
materials with minimal radiation absorption, high diffraction efficiency, and high radiation
hardness. Multilayer Laue lenses (MLLs) are diffraction-based X-ray optics that can focus XFEL
beams, as already demonstrated with tungsten carbide/silicon carbide (WC/SiC)-based MLLs.
However, high atomic number materials such as tungsten strongly absorb X-rays, resulting in
high heat loads. Numerical simulations predict much lower heat loads in MLLs consisting of low
atomic number Z materials, although such MLLs have narrower rocking curve widths. In this
paper, we first screen various multilayer candidates and then focus on Mo2C/SiC multilayer due
to its high diffraction efficiency. According to numerical simulations, the maximum temperature
in this multilayer should remain below 300°C if the MLL made out of this multilayer is exposed
to an XFEL beam of 17.5 keV photon energy, 1 mJ energy per pulse and 10 kHz pulse repetition
rate. To understand the thermal stability of the Mo2C/SiC multilayer, we performed a study on
the multilayers of three different periods (1.5, 5, and 12 nm) and different Mo2C to SiC ratios.
We monitored their periods, crystallinity, and stress as a function of annealing temperature for
two different heating rates. The results presented in this paper indicate that Mo2C/SiC-based
MLLs are viable for focusing XFEL beams without being damaged under these conditions.
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1. Introduction

X-ray free electron lasers (XFELs) generate intense, pulsed, and coherent X-ray beams that
have revolutionized numerous applications and opened up new scientific fields. For example,
they enabled the measurement of atomically-resolved structural dynamics in macromolecules
and compounds, a better understanding of high-energy-density physics and non-linear X-ray
optics [1–3]. However, the manipulation of XFEL beams is very challenging and puts stringent
requirements on X-ray optics. Optical components can be easily damaged or even destroyed
when exposed to their full intensity. High repetition rates of XFELs also significantly increase
the thermal load for X-ray optics and can impair their functionality [4]. Focusing of XFEL
beams is usually done with beryllium compound refractive lenses [5] and grazing incidence
reflective mirrors [6]. However, aforementioned challenges sparked interest in developing and
testing other types of optics, including diamond-based Fresnel zone plates [7], multilayer-coated
Kirkpatrick-Baez mirrors [8] and multilayer Laue lenses (MLLs) [9].

#527226 https://doi.org/10.1364/OME.527226
Journal © 2024 Received 10 Apr 2024; accepted 21 Jun 2024; published 2 Jul 2024

https://orcid.org/0000-0001-8457-5749
https://orcid.org/0000-0003-2119-5866
https://orcid.org/0000-0003-0618-6873
https://orcid.org/0000-0002-7163-7602
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.527226&amp;domain=pdf&amp;date_stamp=2024-07-02


Research Article Vol. 14, No. 8 / 1 Aug 2024 / Optical Materials Express 1934

The MLLs are a relatively new type of X-ray diffractive optics that are based on multilayers
[10]. Similarly to the Fresnel zone plate, the diffraction angle in an MLL is determined by the
thickness of the layers at a certain position in the lens and the wavelength of the incident radiation.
The layer thickness varies according to the zone plate law and gets smaller with increasing
distance from the optical axis such that all the diffracted rays end up in a common focus. To
make an efficient lens, the layers in each position along the lens have to be correctly tilted or
curved to simultaneously obey Bragg’s law, θn = λ/(2dn) [11]. One way to achieve such curved
layers is by placing a straight mask above the substrate during the deposition [12,13]. These
lenses can consist of tens of thousands of alternating layers, which are usually deposited using
magnetron sputtering, and depositions can take a week or longer. During this process, errors in
the layer placement accumulate over time and lead to aberrations, which need to be minimized.
The overall multilayer height is limited by the number of layers one can deposit without any
interruption, the ultimate reason being the consumption of the sputtering targets. Other factors,
such as stress and roughness, have to be considered as well. Nevertheless, MLLs taller than 100
microns have been demonstrated [9,14]. MLLs are prepared by slicing the prepared multilayer
perpendicular to the layer growth direction. In a subsequent step, they are thinned to the optimal
optical depth (thickness in the beam propagation direction). This optical depth depends on the
energy at which the lens is to be used and on the multilayer materials. Slicing and thinning are
done with a focused ion beam since mechanical processing is known to produce external stresses
and leads to film fracture due to the interface delamination or cracking [15].

The MLLs, which were previously used to focus an XFEL beam [9], were based on tungsten
carbide/silicon carbide (WC/SiC) multilayers. These multilayers could withstand an incident
fluence of approximately 0.13 J/cm2 per pulse for up to 30 pulses per train with 23.5% transmission.
However, when exposed to even higher pulse-per-train frequencies, the lenses detached from the
substrate. Numerical simulations confirmed that using lower atomic number (Z) material pairs
such as B4C/SiC, TiC/SiC, or Be/SiC could significantly lower the heat load for a given incident
pulse energy and pulse repetition rate [16]. This is primarily due to lower absorption, which also
necessitates lenses with larger optical depth to achieve optimum diffraction efficiency. Thus, the
lens has a larger volume in which the heat is distributed. The same approach can be extended to
various types of optics utilized at XFEL facilities. For instance, increasing the crystal volume of
Bragg reflectors has been proposed as a means to alleviate strain caused by thermoelastic effects
[4,17]. The detachment of the MLLs from their mounts in the aforementioned experiment was
likely caused by significant stress changes due to extreme temperature gradients [16], a result of
substantial absorption in tungsten carbide.

To find suitable materials that could be used to prepare MLLs in the future, we explored
different multilayer candidates consisting of materials of low atomic number Z. In addition to
their high thermal and radiation stability, we have to consider that these materials should form
high-quality multilayer structures for a broad range of layer thicknesses needed in MLLs. We
first calculated diffraction efficiencies and relative bandwidths of several material pairs (Al/SiC,
B4C/SiC, Cr/SiC, Mo2C/SiC) and compared them with multilayers that are frequently used to
prepare MLLs (WSi2/Al, WSi2/Si, and WC/SiC). The most promising candidate, Mo2C/SiC
multilayer, was then studied in more detail. First, we performed numerical simulations of the heat
load (maximum and average temperatures) in Mo2C/SiC and also in WC/SiC assuming XFEL
photon energy of 17.5 keV and 1 mJ energy per pulse for two different XFEL pulse repetition rates.
We then prepared Mo2C/SiC multilayers of three different periods (1.5, 5, and 12 nm) and three
Γ values, where Γ is defined as a ratio of the thickness of the material with high atomic number
Z (e.g. Mo2C) to the multilayer period thickness. The three Γ values considered here were 0.3,
0.5 and 0.7. We studied Mo2C/SiC multilayers and measured their period, microstructure and
stress as a function of annealing temperature.
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2. Screening multilayer material pairs

The diffraction efficiency of a multilayer in the symmetric Laue geometry is described by
dynamical diffraction [18,19]. Within the multilayer structure the beam is split into two
components—one that is undeflected and one that is reflected by 2θn. It is this reflected beam
that forms the focus. The energy partitioned into the focused beam increases as the optical depth
of the MLL is increased from zero, with a corresponding decrease in the undeflected intensity. In
the absence of absorption, the focusing efficiency reaches a maximum at half of the so-called
pendellösung period given by

τopt =
πλ cos θn

4∆n sin πΓ
(1)

for a wavelength λ and a difference ∆n of refractive indices of the layer materials [20]. Most MLL
systems developed so far have used material pairs with a large refractive difference, consisting
of a dense material (the "absorber" layer) and a light material (the "spacer" layer). While this
ensures small optical depths, it does not necessarily minimize absorption in the structure. The
approach of a thick, light, low-contrast MLL does come at the cost of a reduced rocking curve
width, which is given by [18]

∆θ ≈
|∆n| sin πΓ
π θn

(2)

and a corresponding bandwidth
∆λ

λ
≈

|∆n| sin πΓ
π θ2n

. (3)

We calculated the optimal optical depths and corresponding theoretically achievable diffraction
efficiencies and bandwidths for MLLs made of different material pairs. Diffraction efficiencies
[18] are shown in Fig. 1(a) and their relative bandwidths are presented in Fig. 1(b). The
calculations were done for periodic multilayers (10 nm) at 17.5 keV photon energy using
refractive indices of relevant materials retrieved from xraylib library [21]. As can be seen,
multilayers with materials of low atomic number Z outperform multilayers that contain tungsten
and are commonly used in MLLs [10,14,18] in terms of efficiency. Among them, B4C/SiC has the
highest theoretical diffraction efficiency, followed by Mo2C/SiC. Even though the bandwidths of
these lower contrast material pairs are narrower than the bandwidths of commonly used materials
for MLLs, they are still larger than the SASE XFEL beam relative bandwidth of 10−3 [2].

Fig. 1. Calculated theoretical diffraction efficiencies (a) and bandwidths (b) of different
multilayers assuming a period thickness of 10 nm and Γ values indicated in the brackets.
All the calculations were done for the photon energy of 17.5 keV using dynamic diffraction
theory.

However, high diffraction efficiency is just one of the properties to consider. The other
requirements include interface sharpness and smoothness, intrinsic stress, and thermal stability
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of the multilayer. The stress is inevitably introduced during the multilayer deposition and can
be quite high, especially for thicker coatings. The overall shear force imposed on the substrate
grows proportionally with the coating thickness and its stress. The multilayer’s intrinsic stress
and adhesion strength set the limit of the achievable multilayer thickness without cracking or
delamination from the substrate [22]. The stress can be modified by changing the ratio between
the two materials or by varying the deposition parameters (e.g., gas type and pressure) [23,24].
This approach is usually exploited when growing tall multilayer stacks. However, some material
pairs exhibit high intrinsic stress, which cannot be substantially mitigated with varying deposition
parameters.

The considerations mentioned above entail that multilayer material pairs have low intrinsic
stress. Based on this requirement, B4C/SiC multilayers were not considered further in this study,
despite their high diffraction efficiency and low absorption. High stress in B4C/SiC leads to
delamination or cracking of the multilayer and also makes any post-deposition processing (e.g.,
cutting) extremely challenging.

In Cr/SiC multilayers, strong intermixing between Cr and SiC was observed already in an
as-deposited state, and this intermixing increased with annealing temperature. Annealing to
300°C led to substantial changes in the multilayer period (>1%), rendering Cr/SiC multilayers
unsuitable for further study.

In the case of Al/SiC multilayers, high interface roughness led to their dismissal from further
study. While the crystallinity of Al layers can be suppressed by using nitrogen as a sputtering
gas [25], this approach tested by us proved ineffective for larger periods. Additionally, Al/SiC
is thermally unstable. For example, we observed that annealing at 300°C for 1 hour caused
unacceptable period (Λ) contractions of 1% for a multilayer with a period of Λ ≈ 17 nm and
Γ = 0.5 and 3% for Λ ≈ 15 nm and Γ = 0.3. Such changes in period contraction would misplace
the layers in the MLL structure, resulting in wavefront aberrations. Numerical simulations predict
that changes in the layer thickness (both stochastic and systematic) deteriorate the focusing
performance of the MLL by decreasing the intensity of the focused beam and lead to the
appearance of satellite peaks [26,27].

WC/SiC with Γ = 0.5 exhibited high heat load in previous XFEL experiments [9]. However,
since WC/SiC has otherwise exceptionally good multilayer properties [11,28–30], we nevertheless
included calculations of WC/SiC with Γ = 0.3 in our study.

Following our initial screening, Mo2C/SiC multilayer emerged as the most promising candidate.
This outcome might not appear surprising given the widespread use of Mo/Si-based multilayers for
high-quality EUV optics and the known enhancement of reflectivity [31,32] and thermal stability
[33] with the addition of thin carbon layers on the interfaces. An amorphous-to-crystalline
transition, which typically occurs in pure Mo just above 2 nm layer thickness [34], is expected
to be suppressed and shifted towards thicker layers. Previous studies on Mo2C-containing
multilayers [35] also suggest smooth and sharp interfaces and high thermal stability.

2.1. Numerical simulations of the heat load

Previously reported dynamic thermoelastic simulations indicated that the finite heat transfer
between the optics and the holder notably increases the optics temperature, and is important to
consider when simulating the heat load induced by XFELs with MHz repetition rates [17]. Rek et
al. [16] performed numerical simulations of the heat load in multilayers of various material pairs
and geometrical designs considered for MLLs. These simulations also showed that the mounting
geometry of the MLL lenses has an impact on thermal load. Large surface contact between
the MLL and highly conductive and thermally stable material, like diamond, is advantageous
to accelerate heat dissipation. Sturdy mounting also makes the overall structure more robust.
However, to lower the heat loads in MLLs the choice of multilayer materials is even more critical
than the mounting geometry.
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The study [16] also revealed that materials of low atomic number Z such as Be/SiC or B4C/SiC
should be able to accept a full beam of about 10 J/cm2 fluence even for MHz repetition rate.
To minimize the heat load and thus reduce the absorbed dose, it is advantageous to maximize
the MLL volume. For the same MLL design and X-ray energy, the optimal optical depth for
materials of low atomic number Z is larger, and the heat load can spread over a larger volume.
With a lower absorbed dose, the temperature increase is smaller, easing the demands on thermal
stability. However, due to Be toxicity and high stress in B4C/SiC these were not considered here.

Here, we calculated heat loads on Mo2C/SiC multilayers with Γ of 0.5 and 0.3, and WC/SiC
multilayer with Γ = 0.3 assuming 17.5 keV photon energy, 1 mJ energy per pulse, for two
different times between successive pulses, ∆t = 3.6 µs and ∆t = 100 µs. Calculated average and
maximum temperatures shown in Table 1 and Fig. 2 for two ∆t demonstrate strong dependence
on the pulse repetition rate.

Fig. 2. Maximum (a, c) and average (b, d) temperature results obtained with numerical
simulations for Mo2C/SiC with Γ = 0.3 and 0.5 considering ∆t = 3.6 µs and ∆t = 100 µs
between successive pulses. The photon energy of 17.5 keV was assumed. The gray dashed
line indicates the room temperature (23 °C).

Table 1. The average Tavg and maximum Tmax temperatures (in °C) for
Mo2C/SiC MLLs (Γ = 0.3 and Γ = 0.5) and WC/SiC (Γ = 0.3) exposed to X-rays
with photon energy of 17.5 keV, 1 mJ energy per pulse and for ∆t = 100 µs

and ∆t = 3.6 µs time intervals between two successive pulses

∆t = 100 µs ∆t = 3.6 µs

Multilayer Tmax Tavg Tmax Tavg

Mo2C/SiC, Γ = 0.3 195 79 1874 551

Mo2C/SiC, Γ = 0.5 267 100 2682 745

WC/SiC, Γ = 0.3 564 195 8090 2123

Figure 2 illustrates the time evolution of the simulated maximum (a, c) and average (b, d)
temperature for Mo2C/SiC-based MLL after 20 X-ray pulses. The green and yellow curves
represent the case when the pulses are separated by 100 µs for two different optical depths,
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corresponding to Γ = 0.3 (yellow) and Γ = 0.5 (green). In Fig. 2(a-b), the case for 20 X-ray
pulses separated by 3.6 µs is shown for these two MLL designs with Γ = 0.3 (blue) and Γ = 0.5
(red). In the case of a faster pulse repetition rate (∆t = 3.6 µs or 0.27 MHz) the maximum
temperature in the multilayer with Γ = 0.5 reaches 2682°C. The maximum temperature in the
multilayer with Γ = 0.3 is lower (1874°C) but still too high for any practical application. Table 1
shows also maximum and average temperatures in WC/SiC multilayers with Γ = 0.3. Under
the same conditions, this multilayer would be immediately destroyed (maximum temperature is
8090°C). However, for a lower repetition rate (10 kHz), there is enough time for the multilayer to
cool down in between pulses, so the temperatures are much lower. For example, in Mo2C/SiC
the maximum temperatures are 267°C for Γ = 0.5 and 195°C for Γ = 0.3. The maximum
temperature in WC/SiC multilayer with Γ = 0.3 is predicted to reach 564°C.

The numerical simulations were conducted in a similar manner to those reported previously by
Rek et al. [16], where the multilayer structure with nanometer layers was simulated as a slab
made of two materials in the proportion indicated by Γ. For example, in a Mo2C/SiC multilayer
with Γ = 0.3, the slab would contain 30% Mo2C and 70% SiC. This way, we approximate the
thermal properties of the multilayer structure as the average of the individual components. We
use them to predict the temperature rise in the MLLs under specific XFEL beam conditions.

3. Thermal stability of the molybdenum carbide/silicon carbide multilayer

3.1. Sample preparation and characterization

All coatings were deposited in our laboratory at DESY using magnetron sputtering [11] technique.
The depositions were done in a vacuum system with four magnetrons placed 90 degrees apart
using Krypton (1.5 mTorr) as a sputtering gas. The depositions were done using constant power.
The power on Mo2C was kept at 100 W and on SiC at 220 W. We prepared three sets of Mo2C/SiC
samples. The first set, which consisted of Mo2C/SiC multilayers with a period of 5 nm and
Γ = 0.3 and 0.5 was annealed to 300°C and 700°C with a slow heating rate. The second set
consisted of Mo2C/SiC multilayers with periods of 1.5, 5, and 12 nm and Γ = 0.3, 0.5, 0.7 and
was used to study stress changes for temperatures from 70°C up to 300°C. The third set, which
also consisted of Mo2C/SiC multilayers with periods of 1.5, 5, and 12 nm and Γ = 0.3, 0.5, 0.7
was used for cycled annealing to 250°C with a fast heating rate. Individual monolayers of Mo2C
(86.3 ± 1 nm) and SiC (99 ± 1 nm) were prepared as well.

Multilayers and monolayers were deposited on Si (100) substrates with a surface roughness of
0.15 nm. The substrates were placed on a substrate holder, which spun during the deposition.
The thickness of the layers was controlled with the platter velocity (sputtering time). The range
of period thicknesses (1.5 to 12 nm) studied here corresponds to a typical range of periods in a
high-resolution MLL.

After the deposition, the samples were measured using small-angle X-ray diffraction (SAXRD)
to determine their periods, while the microstructure was determined using high-angle X-ray
diffraction (HAXRD). These measurements were carried out with X’Pert Pro MRD (Panalytical,
The Netherlands) using Cu K-α radiation (0.15418 nm). The SAXRD measurements were fitted
with IMD software [36]. Stress in the multilayers was measured with kSA Multiple-beam Optical
Sensor (k-Space Associates, Inc., Dexter, MI, USA). The stress was determined using Stoney’s
equation [37] by measuring changes in the curvature of the samples before and after annealing.
Multilayers, which were stored in a cabinet filled with nitrogen gas, were also characterized for
their period, microstructure and stress after each annealing step.

Thermal annealing of the first Mo2C/SiC set was performed in a vacuum furnace with preset
heating and cooling cycles at 10−7 Pa (HSD Engineering Inc., Oakland, CA, USA). The first
Mo2C/SiC set was annealed to 300°C and 700°C using a slow heating rate (5°C/min). The
samples remained at the temperature for 1 hour, after which the heating was turned off. When
the temperature was below 80°C, the samples were taken out of the oven. Low-temperature
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annealing of the second set of Mo2C/SiC multilayers was done in a different oven (DEKEMA,
Freilassing, Germany). These were heated to 70, 100, 150, 200, 250, and 300°C at 70 mbar. The
heating rate was the same (5°C/min), and samples stayed at each temperature for 1 hour before
the heating was turned off and the samples were left to cool down. These samples were also
measured for their period, stress, and microstructure after each annealing step. The same oven
was used for cycled annealing to 250°C with a fast heating rate (50°C/min).

Monolayers of Mo2C and SiC were also analyzed with the Rutherford backscattering spec-
trometry (RBS) using the Van de Graaff accelerator (HZDR, Dresden, Germany). The RBS
analysis was performed on as-deposited and annealed (250°C and 700°C for 1 hour) monolayers
using 1.7 MeV He+ beam. These spectra were used to extract information on areal density and
any impurities in the coating. Known film thickness and assumed stoichiometry for Mo2C and
SiC allowed us to estimate the volume densities of these coatings. In addition to layer thickness
and microstructure, which were measured using SAXRD and HAXRD, we also measured stress.

3.2. Annealing with slow heating rate

The first set of Mo2/SiC multilayers (period Λ= 5 nm and Γ = 0.3 or 0.5) was used to assess
the stability of the multilayers at higher temperatures. Figure 3 shows the results for 5 nm
period multilayers with Γ = 0.5 annealed to 300°C and 700°C. Annealing to 300°C resulted in
no measurable change in the multilayer period within the error bar (±0.01 nm). Annealing to
700°C resulted in a 1.1% shift in the peak positions towards higher angles, indicating a decrease
(contraction) of the multilayer period. This contraction, although small, is not acceptable and
would lead to a degradation of the focal spot. Even though annealing to 300°C (Table 2) did not
result in any significant period change, stress changed considerably. In the as-deposited state, the
multilayers were under compressive (negative) stress. Annealing to 300°C changed the stress to
tensile, which became even more tensile at 700°C.

0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 5 . 5

Int
en

sity
 (a

.u.
)

O m e g a  ( ° )

 a s  d e p o s i t e d
 a n n e a l e d  3 0 0 ° C
 a n n e a l e d  7 0 0 ° C

Fig. 3. SAXRD profiles of Mo2C/SiC multilayers with 5 nm period and Γ = 0.5 in the
as-deposited state and after annealing to 300°C and 700°C. The measurements (dots) were
fitted (solid line) using IMD software [36]. Dashed vertical lines indicate the positions of
the peaks in the as-deposited state.

The second set of Mo2C/SiC multilayers was used to follow the stress evolution at lower
temperatures (from 70 to 300°C) as a function of annealing temperature. We chose to explore this
temperature region since numerical simulations predicted that the temperature in MLLs exposed
to XFEL pulses with 10 kHz repetition rate under aforementioned conditions (Table 1) should not
exceed 300°C. In Fig. 4(a) SAXRD measurements and fits for 5 nm period Mo2C/SiC multilayer
in as-deposited state and after annealing to 100°C, 200°C, 250°C and 300°C are plotted. There
are no evident changes observed in the data sets. Figure 4(b) shows a relative change in the
multilayer period as a function of the annealing temperature for the multilayers with periods of
1.5, 5, and 12 nm. The gray shaded area indicates the change in the multilayer period of ±0.5%.
All data points are within this range except a few points related to multilayers with a period of 1.5
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Table 2. Multilayer period Λ and stress ± standard deviation (SD) for
Mo2C/SiC multilayer before and after annealing to 300°C and 700°C for

Γ = 0.5 and 0.3

Γ State Λ, Stress ± SD,

nm MPa

0.5 as-deposited 5.05 -234 ± 70

annealed at 300°C 5.04 503 ± 300

annealed at 700°C 5.00 995 ± 30

0.3 as-deposited 4.98 -410 ± 150

annealed at 300°C 4.96 520 ± 250

annealed at 700°C 4.90 960 ± 130

nm. However, for this short-period multilayer, it is also harder to determine the period thickness
with the same precision as for the larger-period multilayers. Hence, the error bars are larger.
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 Λ  =  1 . 5  n m ,  Γ  =  0 . 7
 Λ = 1 2  n m ,  Γ = 0 . 5  
 Λ = 1 2  n m ,  Γ = 0 . 3  
 Λ  =  1 2  n m .  Γ  =  0 . 7

a ) b )

Fig. 4. (a) SAXRD measurements (gray circles) and fits (solid lines) for Mo2C/SiC
multilayer with a period of 5 nm in the as-deposited state and after annealing to 100°C,
200°C, 250°C and 300°C. (b) Normalized multilayer periods as a function of annealing
temperature. Data points correspond to different periods and Γ values. The gray band
indicates ± 0.5% tolerance.

Figures 5(a-c) show the stress maps in the 2D layer thickness parameter space for Mo2C/SiC
system in the as-deposited state (a) and after annealing for 1 hour at 150°C (b) and 300°C (c)
with slow heating rate. Parametric stress plots are based on the stress measurements denoted by
white squares. The contours were computed using a linear interpolation followed by smoothing
(applying thin plate spline algorithm [38]). Although there is a certain level of approximation
associated with the interpolation and errors in the algorithm, the contour plots are helpful in
showing the general trends for stress in layer thickness parameter space and for easier comparison
before and after annealing. It is especially useful in the context of MLLs, which include a wide
range of layer thicknesses. Figures 5(d-f) show stress measurements as a function of annealing
temperature (70°C to 300°C) for multilayers with periods of Λ of 1.5, 5, and 12 nm and Γ of 0.3,
0.5, and 0.7.

Stress in the as-deposited Mo2C/SiC multilayers is thickness-dependent. Short-period
multilayers (1.5 nm) have close to zero stress independent of Γ values. In larger-period
multilayers, stress is compressive and depends on Γ. Low Γ multilayers, which contain more
SiC than Mo2C, exhibit higher compressive stress than multilayers with high Γ. All multilayers
experience stress change, even when annealed to 150°C. The magnitude of the stress change is
correlated with the period thickness. For example, the stress in 5 nm multilayers annealed to
150°C changed from compressive to close to zero (Fig. 5(b, e)). Stress in 12 nm multilayers,
which was initially about -600 MPa, changed to -400 MPa, while in the 1.5 nm period multilayers,
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Fig. 5. (a, b, c) Stress contour plots based on stress measurements denoted by white squares
in the 2D layer thickness parameter space with Mo2C layer thickness on the x-axis and
SiC layer thickness on the y-axis. Stress values are indicated with colors. Compressive
stress is shown in red, close to zero (relaxed) state in green and tensile stress in blue. The
stress contours indicate transition from (a) predominantly compressive stress in as-deposited
Mo2C/SiC multilayers to (b) a mixed compressed-relaxed state after annealing to 150°C
for 1 hour, and (c) a relaxed-tensile state after annealing to 300°C for 1 hour. (d, e, f)
Stress in Mo2C/SiC multilayer is also shown as a function of annealing temperature (from
as-deposited state to 300°C) for multilayer periods of Λ (d) 1.5 nm, (e) 5 nm, and (f) 12
nm and for different Γ ratios. The shaded areas indicate the standard deviation of the stress
values across the multilayer samples.

the initially close to zero stress shifted into the tensile regime. Further annealing of 1.5 nm period
multilayers to 300°C increased stress to 800 MPa, while the 12 nm period multilayers changed
under these conditions into an almost stress-free state.

3.3. Cycled annealing with fast heating rate

Materials exposed to intense XFEL beams experience instantaneous heating, which is hard to
reproduce in the laboratory. Hence, the results from thermal annealing tests have to be considered
with some reservations. In addition to the annealing experiments reported above, multilayers
were also exposed to cycled annealing with a fast heating rate (50°C/min). Only Mo2C/SiC
multilayers with Γ of 0.5 and 0.3 and periods of 1.5, 5, and 12 nm were tested this way. Each
multilayer underwent 35 heating-cooling cycles, with each cycle lasting about 30 minutes. In a
single cycle, the multilayer was heated to 250°C with a heating rate of 50°C/min. The multilayer
stayed at this temperature for 5 min and was then cooled down in the air for about 20 minutes.
The choice of 250°C was based on the numerical simulation results (Table 1 and Fig. 2). The
total cycled annealing time for 35 cycles was 17.5 hours.

Samples were measured only after the full completion of 35 heating-cooling cycles. Figure 6(a)
shows SAXRD scans of 5 nm and Γ = 0.5 multilayer before (bottom) and after (top) annealing.
Stress values are plotted in Fig. 6(c) and also listed in Table 3. Due to the faster heating rate, it
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was harder to ensure that the maximum temperature would not go beyond 250°C. Based on the
logfile the maximum temperature was often above 250°C to as high as 280°C. Also, after 20
minutes of cooling in the air, the temperature in the oven was still close to 150°C. So, realistically,
the sample was exposed to 35 heating-cooling cycles where the temperature varied between
150°C and 280°C.
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Fig. 6. (a) SAXRD profiles for 5 nm period sample with Γ = 0.5 in the as-deposited state
after cycled annealing to 250°C. (b) Stress as a function of the period for as-deposited and
thermally cycled multilayers with Γ = 0.3 and 0.5.

Table 3. Mo2C/SiC multilayer period Λ and stress ± standard deviation (SD) for 1.5, 5 and 12 nm period
multilayers and Γ = 0.5 and 0.3 for two sample sets: AD - as-deposited, SA 300°C - annealing at 300°C

with a slow heating rate (5°C/min), cycled - cycled annealing to 250°C with faster heating rate (50°C/min)

Sample set 2 Sample set 3

Γ 0.3 0.5 0.3 0.5

State AD SA 300°C cycled AD SA 300°C cycled AD cycled AD cycled

Λ, nm 1.50 1.50 1.50 1.47 1.48 1.48 1.49 1.49 1.48 1.48

Stress, MPa -60 630 610 70 710 690 -45 460 120 510

Stress SD ± 50 ± 80 ± 40 ± 100 ± 70 ± 90 ± 45 ± 30 ± 30 ± 40

Γ 0.3 0.5 0.3 0.5

State AD SA 300°C cycled AD SA 300°C cycled AD cycled AD cycled

Λ, nm 4.99 4.99 4.99 5.00 5.00 4.99 4.97 4.97 5.00 5.00

Stress, MPa -410 350 320 -260 350 350 -390 50 -260 90

Stress SD ± 10 ± 10 ± 10 ± 5 ± 20 ± 10 ± 35 ± 25 ± 5 ± 20

Γ 0.3 0.5 0.3 0.5

State AD SA 300°C cycled AD SA 300°C cycled AD cycled AD cycled

Λ, nm 11.84 11.81 11.81 11.92 11.90 11.91 11.87 11.86 11.90 11.90

Stress, MPa -610 110 115 -620 -20 -30 -590 -190 -600 -300

Stress SD ± 10 ± 20 ± 20 ± 10 ± 20 ± 20 ± 5 ± 10 ± 5 ± 10

Interestingly, even though the total annealing time in these cycled annealing experiments was
longer (175 minutes at maximum temperature) and the maximum temperature was slightly higher
(280°C), the multilayers exhibited smaller changes in their period and stress as compared to
multilayers annealed with slow heating rate, which stayed at 250°C for 1 hour. In fact, changes in
the stress of the former were comparable to multilayers annealed to 200°C with a slow heating
rate. It is intriguing that this temperature matches the average temperature during the cycled
annealing.

Finally, we tested if and how does the stress in multilayers cured at 300°C change if these
multilayers are heated again to the temperatures below 300°C. For this purpose we performed
cycled annealing to 250°C on the second sample set, which was previously heated to 300°C. We
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monitored both stress and period and observed no changes. Both remained stable within the error
bars of the measurements (see Table 3, Sample set 2).

The HAXRD data of the 12 nm period Mo2C/SiC multilayers and Γ = 0.3, 0.5 and 0.7 are
shown in Fig. 7(a), (b) and (c), respectively. One can see that higher Mo2C content is associated
with a stronger peak centered at around 2θ of 41°. The asymmetric shape of the peak suggests an
overlap of two neighboring reflections located at 38° and 41.5°, also observed in HAXRD spectra
of Mo/C multilayers with very thin (0.5 nm) C layers [24]. These diffraction peaks are indicative
of (002) and (101) of hexagonal β-Mo2C phase at 37.5° and 39.6°, respectively [39]. The slight
shift of the peaks towards higher 2θ values can be associated with defects or compositional
variations of Mo2C. No change in the intensity or in the shape of these peaks could be observed
due to annealing, independent of how the annealing was performed (Fig. 7). As expected, in
multilayers with Mo2C layer thickness of less than 3 nm, this diffraction peak is barely noticeable
and very broad, indicating close to amorphous Mo2C. With the increasing thickness the peak
intensity is getting higher. However, based on Scherrer equation [40], the Mo2C crystals are
considerably smaller than Mo2C layer thickness. In the case of a 12 nm period multilayer, for
example, with 8.4 nm Mo2C thick layers, these crystals are smaller than 2.7 nm.

Fig. 7. HAXRD data of Mo2C/SiC multilayers with a period of 12 nm (a) Γ = 0.3, (b)
Γ = 0.5, and (c) Γ = 0.7 of as-deposited, cycled annealed with fast heating rate and annealed
with slow heating rate. The multilayers with higher content of Mo2C (larger Γ) show a more
prominent diffraction peak centered at 41°. The asymmetric shape suggests that it most
likely consists of two peaks, as illustrated by the multi-peak fit.

4. Discussion

In this study, we investigated multilayer candidates for MLLs to be used for focusing XFEL
beams. High peak brilliance of XFELs sets strict limits on the choice of materials for MLLs:
they should be low-absorbing, thermally stable, and able to form smooth layers with sharp and
stable interfaces. Given the anticipated high diffraction efficiency of Mo2C/SiC and previous
reports on Mo/Si and Mo2C/Si multilayers [24,41] we chose to investigate Mo2C/SiC.

To assess the thermal behavior of MLLs made of Mo2C/SiC, we first conducted numerical
simulations of the heat load they would experience under XFEL beams of 17.5 keV photon energy
and 1 mJ per pulse energy, with repetition rates of 10 kHz and 0.27 MHz. In these simulations,
the multilayer structure was modeled as a slab made of two materials in the proportion indicated
by Γ. Hence, we approximated the thermal properties of the multilayer structure as the average of
the individual components and then used them to predict the temperature rise in the MLLs under
specific XFEL beam conditions. Using this approach, we predicted that the temperature in MLLs
exposed to an XFEL beam with a repetition rate of 10 kHz would stay below 300°C. However, a
higher repetition rate of 0.27 MHz (3.6 µs between pulses) would heat the MLLs to 2000°C.

Using the temperature predicted by the numerical simulations as our benchmark, we conducted
annealing studies to test the thermal stability of Mo2C/SiC multilayers with different Mo2C
to SiC ratios (Γ = 0.3, 0.5, 0.7) and periods (1.5 nm, 5 nm, 12 nm). Annealing multilayers to
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300°C resulted in no significant changes while annealing to 700°C led to unacceptable changes
in the multilayer period as well as to a change in stress from compressive to high tensile stress
approaching 1 GPa. Thus, MLLs based on Mo2C/SiC multilayers are not suited for focusing
XFEL beams with a repetition rate much higher than 10 kHz.

Our stress investigations revealed that the stress in Mo2C/SiC multilayers in the as-deposited
state depends on the multilayer period and Γ. However, as compared to Mo/Si [24] where stress
for different Γ spans from compressive to tensile (e.g. -400 MPa, 0, 600 MPa for Γ of 0.3, 0.5 and
0.7 for 5 nm period multilayer) stress in same period Mo2C/SiC multilayers stays compressive
(-390 MPa, -260 MPa, -210 MPa) for Γ 0.3, 0.5, and 0.7, respectively. The larger content of
Mo in Mo/Si multilayers shifts stress significantly into a tensile direction while the effect of
Mo2C is much smaller. Previous study of Mo2C/Si multilayers also indicated that the stress in
Mo2C-based multilayers is more compressive than in Mo/Si [35].

Similarly to Mo/Si multilayers [24], we observe period thickness-dependent stress behavior,
with thicker period multilayers associated with higher compressive stress. For instance, 1.5 nm
period multilayers are almost stress-free, while 12 nm multilayers are in compressive stress,
reaching -600 MPa. This compressive stress is likely introduced during deposition and can be
related to volume changes induced by the energetic bombardment of incident adatoms, in our case
Kr, and associated ions, along with interfacial contraction or expansion-induced stresses. This
phenomenon leads to substantial compressive stresses, often referred to as the ‘atomic peening’
effect [24,42], which can cause the churning of atoms within 1 - 1.5 nm of the surface [43].
Consequently, the resulting compressive stress increases as thicker layers experience prolonged
bombardment by energetic atoms and ions.

Annealing of Mo2C/SiC multilayers changes stress from compressive to tensile. It is interesting
that the shift in stress for the same annealing temperature is similar and independent of the
multilayer period. For example, annealing of 1.5, 5 and 12 nm period multilayers to 300°C shifts
the stress on average by 600 MPa. With increasing temperature stress continues to increase. For
example, stress in 5 nm period Mo2C/SiC multilayers with Γ = 0.3 and Γ = 0.5 increased to 1000
MPa when annealed to 700°C (see Table 2). Assuming steady stress increase with temperature
this corresponds to about 2 MPa/°C.

The stress evolution of Mo2C/SiC as a function of temperature is similar to Mo/Si and
Mo2C/Si systems. In Mo/Si [44] and Mo2C/Si [35,45] multilayers it was demonstrated that
temperature-induced stress-relaxation predominantly occurs in the Si layers through viscous
flow associated with defect annihilation in the amorphous silicon layers [35,44]. The relaxation
of stress in Mo2C/SiC multilayers is likely governed by the same mechanism but happens at a
lower temperature. For Mo/Si multilayers, stress relaxation for a multilayer with a period of
6.4 nm occurs at 310°C, while in Mo2C/Si this happens already at 280°C [45]. In Mo2C/SiC
multilayers (5 nm period), where both materials consist of carbides, stress relaxed already at
150°C for Γ = 0.5 and 0.7. Based on our data, we predict that zero stress for 5 nm period and
Γ = 0.3 Mo2C/SiC multilayers should occur at 180°C. Larger period multilayers (12 nm) undergo
relaxation upon thermal annealing to 250°C for Γ = 0.3 and 300°C for Γ = 0.5 and Γ = 0.7.
Annealing the multilayer to achieve close to zero stress might be beneficial before cutting MLLs
out of it.

In this study, we also investigated the effect of different heating rates. Stress changes in
multilayers annealed to 250°C in cycled annealing with a fast heating rate resembled stress
changes obtained at a lower annealing temperature (200°C) with a slow heating rate. We
also demonstrated that multilayers annealed to 300°C remained stable in period and stress if
subsequently exposed to a lower temperature. Hence, curing the multilayers at a temperature
above the target temperature is beneficial to stabilize the multilayers.

HAXRD measurements of Mo2C/SiC multilayers indicate no changes in the microstructure
of Mo2C as a function of period thickness or annealing temperature. Only in multilayers with
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larger Γ (e.g. 0.7), which are, however, of less interest because of the larger content of high
Z material, a broad peak between 37° and 43° appears, which indicates an onset of crystallite
formation (β-Mo2C hexagonal phase). As a side study, we investigated HAXRD spectra of
thick (86 nm) Mo2C monolayers. In the as-deposited state (see Fig. 8(a)), two peaks were
identified between 36° and 39°, similar to what was observed in 12 nm multilayers (Fig. 7). In
the multilayer, these peaks were much broader since the Mo2C layers were substantially thinner
(the thickest was 8.4 nm for Γ = 0.7). In the Mo2C monolayer, the two peaks can be identified
as (002) and (101) reflections corresponding to β-Mo2C phase (PDF35-0787). Interestingly,
annealing the monolayer to 250°C results in the disappearance of these peaks, indicating a
transition to an amorphous state. Further annealing results in the amorphous-to-crystalline
transition. Monolayer annealed to 700°C shows two distinct peaks at 34.47° and 39.53° identified
as (021) and (121) characteristic for orthorhombic α-Mo2C phase (PDF72-1683). This phase
was observed before in monolayers deposited with magnetron sputtering and annealed to 700°C
[39]. Such transformations are most likely associated with a change in stress and could possibly
result in density change. In contrast, HAXRD profiles of thick SiC monolayer indicate that
SiC is amorphous in the as-deposited state and after annealing up to 700°C. Mo2C monolayers
in the as-deposited state are essentially stress-free. When heated the stress is shifting towards
tensile. SiC monolayers are highly compressive in the as-deposited state (stress -930 MPa) but
also become tensile after annealing. Based on this, one could speculate that the compressive
stress in as-deposited Mo2C/SiC multilayers of the larger period (5 nm and 12 nm) is mostly due
to highly compressive SiC layers.

Fig. 8. Mo2C monolayers with a thickness of 86.3 ± 0.5 nm in the as-deposited state (blue)
and after annealing to 250°C (orange) and 700°C (red): (a) HAXRD data, (b) RBS spectra.

Finally, we wanted to investigate if annealing has any effect on the density of Mo2C and SiC.
Table 4 lists the monolayer thicknesses determined from SAXRD fits along with RBS results.
Volume density was computed based on the film thickness, assumed stoichiometry, and areal
atomic density (at/cm2) for each monolayer. Within the error bars, the densities of both materials
show no change due to annealing. RBS results indicated higher than assumed carbon content in
as-deposited Mo2C. In the annealed sample, carbon was reduced by 0.3%. Figure 8(b) shows the
RBS spectra for Mo2C monolayers, which exhibit no sign of impurities.
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Table 4. Thickness, stoichiometry, and mass density of Mo2C and SiC monolayers determined
from SAXRD and RBS analyses

Material State Thickness, nm Assumed stoichiometry Density, g/cm3

Mo2C as-deposited 86.3 ± 0.5 Mo0.528C0.472 8.3 ± 0.1

annealed 250°C 86.3 ± 0.5 Mo0.532C0.468 8.3 ± 0.1

annealed 700°C 86.5 ± 0.5 Mo0.531C0.469 8.1 ± 0.1

SiC as-deposited 99 ± 0.7 Si0.436C0.564 2.97 ± 0.05

annealed 250°C 99 ± 0.7 Si0.435C0.565 2.90 ± 0.05

annealed 700°C 99 ± 0.7 Si0.423C0.577 2.87 ± 0.05

5. Summary

In this work, we explored possible multilayer material pairs that could be used for preparing more
robust MLLs for XFEL applications. Numerical simulations of heat loads led us to focus on
low-density material pairs. After preliminary screening we studied Mo2C/SiC in more detail.
Based on the results presented here we conclude that the Mo2C/SiC multilayer system is a viable
option for MLLs to focus an XFEL beam of 1 mJ per pulse energy and a repetition rate of 10
kHz, parameters we plan to use in our upcoming beamtime at European XFEL. The annealing
experiments, which are usually a good indicator for multilayer stability, indicate that MLLs made
of Mo2C/SiC multilayers are expected to withstand these conditions with no deterioration of
their focusing performance.
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