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Abstract: Owing to the superior quality of the interface, WC/SiC multilayers have been considered
promising candidates for X-ray Laue lenses in nano-focusing facilities and supermirrors in X-ray
telescopes. To investigate the microstructure evolution in WC/SiC multilayers, a set of periodic multi-
layers was prepared with varied WC layer thicknesses ranging from 1.0 nm to 10.0 nm while keeping
the thickness of the SiC layer constant at 3.0 nm. These samples were characterized using various
analytical techniques, including GIXR, AFM, and XRD. An aperiodic WC/SiC multilayer sample was
analyzed by TEM, EDX, and SAED to further study the chemical and structural changes while the
thickness of the WC layer increased. The results indicate that the WC layer of the WC/SiC multilayer
changes from amorphous to crystalline with increasing layer thickness. The crystalline state of the
WC layer changes as the thickness increases. Meanwhile, the carbon atoms migrates noticeably to
the interface as the WC layer becomes thicker, which smoothens the interfacial defects caused by
the crystalline state transition. This migration of carbon is one of the key factors contributing to the
smooth interface in WC/SiC multilayers.

Keywords: WC/SiC multilayer; magnetron sputtering; microstructure; crystallization

1. Introduction

In the hard X-ray region, multilayer optics play an important role in light manipulation
based on Bragg’s law (2dsinθ = mλ, where λ is the radiation wavelength, θ is the Bragg
angle, and m is the reflection order). The multilayer contains a stack of thin alternating
layers of materials with a stack periodicity (or d interval) equal to parameter d in Bragg’s
formula [1,2]. The great advantage of this type of optic is that the layer thickness, and
therefore the periodicity, can be readily tuned to a wavelength that must be reflected at
a certain angle. Thus, it is widely used in synchrotron radiation facilities, free electron
lasers, and astronomical observation projects [3–5]. As the photon energy requirement of
landscape facilities and space telescopes extends to several tens of kiloelectron volts, a mul-
tilayer working in such a wavelength region requires an extremely small d-spacing [6–9].
This makes the X-ray reflectance very sensitive to the interface and surface quality of the
multilayer, which requires the more precise control of the fabrication and a more suit-
able selection of materials [10,11]. W/Si multilayer films have been widely used in the
energy band range of 20–69 keV due to their excellent time stability and low interfacial
roughness [12,13]. However, they are insufficient for meeting the demands of further
higher-energy regions extending to 100 keV. The interfacial performance of the W/Si multi-
layer drops significantly when the d value is close to approximately 2.0 nm. To extend the
applicability of multilayer optics to hundreds of keV, innovative WC/SiC multilayers were
proposed. They exhibit a smoother interface at reduced thicknesses compared to W/Si
multilayers, offering a promising avenue for future research [14–16].
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In 2005, Jensen et al. conducted a detailed comparative test on four types of material
combinations: W/Si, W/SiC, WC/Si, and WC/SiC [14]. The results showed that the
multilayer prepared using a WC/SiC material was expected to break through the limit
period thickness of 2.0 nm of the traditional W/Si material and reached a period thickness
of 1.0 nm, with a roughness of only about 0.24 nm. In subsequent years, other researchers
have confirmed the potential of WC/SiC multilayer films in high-energy applications.
Mónica et al. showed that a WC/SiC multilayer film with a period thickness of 1–2 nm can
function as a high-efficiency mirror under hard X-rays of up to 384 keV [17,18]. Pivovaroff
et al. also reported the satisfactory performance of WC/SiC multilayers in the target
100–400 keV energy region [19]. Their prepared d = 1.5 nm multilayer mirror exhibited
excellent performance, achieving a reflectivity greater than 50% at 384 keV, with a spectral
resolution (E/∆E) as high as approximately 41, indicating significant development and
application potential. Inspired by these findings, Nicolai et al. explored the applicability of
multilayer mirrors at higher energies [20]. They prepared an ultra-thin WC/SiC multilayer
film with a period of d = 1.5 nm and N = 300 bilayers that maintained good performance
despite a film layer roughness of 0.33 nm when measured by the European Synchrotron
Radiation Facility (ESRF) at an energy of 0.65 MeV. In addition, Saša et al. were particularly
interested in the application of WC/SiC multilayer Laue lenses (MLLs) [21]. Lenses with
a numerical aperture (NA) of 0.0075 were fabricated and achieved a two-dimensional
focus of 8.4 × 6.8 nm2 for a photon energy of 16.3 keV. During the application of this MLL,
Mauro et al. studied the annealing effect of the WC/SiC multilayer with different period
thicknesses [22].

The studies discussed above highlight the ongoing progress and refinement of WC/SiC
multilayer mirrors for X-ray optics and their potential for various future applications.
However, detailed research focused on the growth process of the WC/SiC multilayer
is limited. Investigations of the growth process of multilayers would help evaluate the
performance in actual applications and fabrication. Several relevant studies have been
conducted on other multilayer combinations [23–25]. For exploring the growth process
of WC/SiC multilayers, a set of WC/SiC multilayers was prepared with varied WC layer
thicknesses. The layer structure, surface morphology, interface structure, and chemical
distribution of each multilayer were systematically investigated and discussed.

2. Materials and Methods

To investigate the microstructural evolution of the WC layer in WC/SiC multilayers,
several periodic WC/SiC multilayers were designed with varied WC thicknesses and a
constant SiC thickness. The designed structure parameter of these multilayers is shown in
Table 1 (S1, S2, S3, S4, and S5 represent the different samples in the following). The WC layer
thickness was changed from 1 nm to 10 nm, while the SiC layer thickness was maintained
at 3 nm. The different bilayer numbers ensured that the total WC layer thickness was equal
among the different samples. In addition, an aperiodic multilayer was designed to contain
varied WC layer thicknesses (mentioned for periodic multilayers) for the convenience
of electron microscope analysis. An additional stack with a WC layer thickness of 4 nm
was added to this aperiodic multilayer. A schematic of the aperiodic multilayer is shown
in Figure 1. The WC/SiC multilayers were fabricated by the direct current magnetron
sputtering technique with a planetary rotation system [26], and a schematic of this system
is shown in Figure 2. The diameters of the WC (purity: 99.5%) and SiC (purity: 99.5%)
targets were both four inches in diameter with a thickness of a quarter of one inch. The
constant powers during the deposition of the WC and SiC targets were 20 W and 60 W,
respectively. The multilayers were deposited on super-polished commercial Si (100) wafers
(20 mm × 20 mm) with a root mean square (RMS) roughness lower than 0.2 nm (1 × 1 µm2

atomic force microscope scan). High-purity argon (99.999%) was used as the working gas
at a pressure of 0.16 Pa to maintain the relatively high kinetic energy of the deposited atoms
and thus ensure smooth interfaces formed. The substrate was mounted facing downward
on a plate that was self-spun as it rotated over each magnetron sputtering source. The
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self-spinning motion (at a speed of 20 rpm) of the substrate was used to enhance the lateral
uniformity of the coating. The individual layer thicknesses in the multilayer were adjusted
by independently controlling the residence time of the substrates over each target. The
background pressure was lower than 5 × 10−5 Pa before Ar was inflated.

Table 1. The design structure of periodic WC/SiC multilayers.

S1 S2 S3 S4 S5

WC thickness (dWC) 1 nm 1.5 nm 3 nm 6 nm 10 nm
SiC thickness (dSiC) 3 nm 3 nm 3 nm 3 nm 3 nm

Period 4 nm 4.5 nm 6 nm 9 nm 13 nm
Number of bilayers (N) 120 80 40 20 12
Residence time for WC 12.72 s 19.08 s 38.16 s 76.32 s 127.20 s
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The grazing incidence X-ray reflectivity (GIXR) measurement was performed with a
commercial X-ray diffractometer (Bruker D8 Discover, Billerica, MA, USA) with the Cu Kα

line as the source (λ = 0.154 nm). The grazing angle scan range was between 0◦ and 7◦, and
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the step size was 0.005◦. Fitting of GIXR curves was obtained using the Bede Refs software
package [27]. The information on the individual layer thickness and average interface width
was determined from the fitting. To study the change in the crystallization of multilayers
with different WC layer thicknesses, a reference sample was fabricated by DC magnetron
sputtering. This sample featured a single WC coating (S0) with a thickness of 120 nm. All
the multilayers and WC coatings were characterized at the Shanghai Institute of Silicate
using another commercial X-ray diffractometer (Bruker D8 Advance). The X-ray diffraction
(XRD) patterns were measured in the symmetrical reflection mode with the Cu Kα line as
the source (λ = 0.154 nm). The surface morphology of each sample was characterized by
atomic force microscopy (AFM, Bruker Dimension Icon system) in a tapping mode. The
scanning region was 1 µm × 1 µm and the scanning area consisted of 256 × 256 pixels.

High-resolution transmission electron microscopy (TEM) measurements were per-
formed to compare the microstructure and layer morphology of the aperiodic WC/SiC
multilayer. The test sample was prepared by a focused ion beam and observed with a FEI
Talos F200X microscope (Thermo Fisher, Waltham, MA, USA). The elemental compositions
of the layers were further measured by energy-dispersive X-ray spectroscopy (EDX) during
TEM measurements. One-dimensional line scans across several bilayers were performed to
measure the composition depth profiles of different elements.

3. Results and Discussion
3.1. GIXR Measurement Analysis

Figure 3 shows the GIXR measurement curves and fitted results for the periodic
WC/SiC multilayers. The optical constants of WC and SiC were obtained from the website
of the Center for X-ray Optics [28]. From the bottom to the top, the thickness of the
WC layer varied from 1.0 nm to 10 nm. The fitted results matched very well with the
GIXR measurements, both for the bandwidth and peak values. The layer thickness and
average interface width were fitted using a genetic algorithm and the fitted parameters
are listed in Table 2 [29]. The fitted parameters of the fabricated multilayers had a little
bit of deviation from the designed structures, which could have been caused by a small
error in the deposition rate calibration. In the data fitting work, the densities of silicon
carbide and tungsten carbide are close to the bulk material density (WC: 15.63 g/cm3;
SiC: 3.21 g/cm3). As the WC layer thickness increased, the average interface width also
increased. From samples S1 to S3, the interface width only slightly changed from 0.19 nm
to 0.20 nm. However, from S3 to S5, the average interface width increased significantly, as
shown in Figure 4. Based on previous research, we can assume that the microstructure of
the WC layer changes as the layer thickness increases, which contributes to an increase in
the average interface width [25]. Further analysis is required to investigate the changes that
occur in WC/SiC multilayers.

Table 2. The fitted parameters of periodic WC/SiC multilayers.

S1 S2 S3 S4 S5

WC thickness (dWC) 1.05 nm 1.71 nm 2.82 nm 5.87 nm 10.58 nm
SiC thickness (dSiC) 2.94 nm 2.91 nm 2.90 nm 2.90 nm 2.73 nm

Average interface width 0.19 nm 0.20 nm 0.20 nm 0.23 nm 0.25 nm
Number of bilayers (N) 120 80 40 20 12
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3.2. XRD and AFM Measurement Analysis

Figure 5a shows the measured XRD patterns of the WC/SiC multilayers with different
WC layer thicknesses. As the WC layer thickness increases from 1.0 nm to 3.0 nm, the
intensity of the broad bump between 34◦ and 40◦ gradually increases. As the WC layer
thickness increased to around 10.0 nm, another broad peak between 40◦ and 42◦ appeared.
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To further confirm that the signal originated from the WC layer, a single-layer WC coating
(S0) was tested under the same conditions. As shown in Figure 5b, there was an obvious
peak at 42◦, which meant the WC coating was strongly crystallized. The three dashed
lines in Figure 5 represent the 2θ positions of α-WC (100), W2C (121), and W2C (112).
These positions were determined according to the powder diffraction files (PDFs) from
the International Centre for Diffraction Data (ICDD): α-WC (PDF 51-0939) [30] and W2C
(PDF 89-2371) [31].
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(b) WC coating.

Based on the XRD measurements, we found that the increase in average interface
width coincided with the enhancement in crystallization in the WC/SiC multilayer. As
the WC layer reached approximately 6.0 nm (S4), the intensity of the XRD patterns at
37◦ increased significantly compared to the thinner samples (S1–S3). This could have been
due to the change of the WC layer from the quasi-amorphous to the crystalline phase. The
orientation of the WC grains appeared close to α-WC (100). Nanograin formation led to an
abrupt change in the average interface width. As the WC layer became thicker (S5), the
crystalline state of the WC layer showed a preference for W2C.

To investigate the change in the morphology for the WC/SiC multilayer from an amor-
phous to a crystallized state, S1 and S5 were tested by AFM over an area of 1 µm × 1 µm.
Figure 6 presents surface images of samples S1 and S5. The surface of S1 was smooth with
a root mean square (RMS) roughness of 0.14 nm. As the WC layer increased to 10.0 nm,
the RMS roughness increased to 0.23 nm. Some crystallized features (broad bumps with
an average size of about 85 nm, marked in red circles) are shown in Figure 6b, which is
similar to the phenomena mentioned in other studies [32,33]. The changes in the surface
morphology and surface roughness were consistent with the GIXR and XRD results.
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3.3. Transmission Electron Microscope Analysis

The cross-sectional TEM images and selected area electron diffraction (SAED) patterns
of the aperiodic WC/SiC multilayer are shown in Figure 7. The bright layers are SiC and
the dark layers are WC. Figure 7a shows a full view of the aperiodic sample. From the
full view, the thickness of the individual layer is close to the designed value (shown in
Figure 1). Figure 7b–d show enlarged views of different positions (red squares in Figure 7a)
of this sample. In Figure 7b, the broadest dark layer is the WC layer with a thickness of
10.0 nm. Figure 7c shows the middle part of this aperiodic multilayer, where the WC layers
thicknesses shown are 3.0 nm and 1.5 nm. Figure 7d is close to the substrate and only
contains the WC layer with a thickness of 1.0 nm. From these images, we found that all the
layers were flat, and the diffusion between adjacent layers was negligible. At the bottom of
this sample, the small d-spacing part showed good uniformity. At the top part, there were
some darker spots in the WC layer, which may have been due to the WC grains shown in
the XRD measurements.
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SAED images were recorded with an electron beam with a diameter smaller than
20.0 nm. Such a small beam could help with evaluating the crystallization of the WC layer
with a certain thickness in this sample. The corresponding SAED images in Figure 7b–d are
shown in Figure 7e–g. Only Figure 7f,g show a diffraction pattern that originated from the
multilayer structure, which indicated an amorphous and uniform layer structure in these
parts. However, the diffraction pattern shown in Figure 7e has a faint and broad ring when
compared with the other two images, indicating the layer structure was not amorphous.
We performed a SAED test on each stack with different WC layer thicknesses (only three
results are shown in this work), and the faint ring shown in Figure 7e first appeared when
the WC thickness reached 6.0 nm. As the WC thickness increased from 6.0 nm to 10.0 nm,
this faint ring became brighter, which meant the crystallization in the WC layer became
stronger. The faint ring could have resulted from the W2C grain formed in the WC layer,
which is consistent with the XRD results.

3.4. Energy-Dispersive X-ray Spectroscopy Analysis

Based on previous research, for a multilayer that contained a crystalline layer, it was
hard to control the value of the average interface width to be smaller than 0.3 nm. Especially
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when the thickness of the crystallized layer reached 10.0 nm, the average interface width
was larger than 0.5 nm. In our work, although the average interface width of the WC/SiC
multilayer increased as the crystallization in the WC layer became stronger, the value was
still smaller than 0.3 nm. For further analysis of how the WC/SiC multilayer maintains
the average interface width, EDX one-dimensional line scans across several bilayers were
performed during the TEM measurement.

The EDX measurement allowed us to determine the atomic concentrations of different
elements in the aperiodic WC/SiC multilayer sample. In this study, the EDX measurements
were performed to characterize tungsten (W), carbon (C), and silicon (Si). The detailed
one-dimensional line scans at different positions of the aperiodic sample are shown in
Figure 8a,b. Figure 8a shows the data close to the surface, which contained a 10.0 nm and
6.0 nm WC layer stack. Figure 8b shows the data close to the substrate, which contained
a thinner WC layer stack (1.5 nm and 1.0 nm). All the measured elements had a periodic
oscillation of concentration, as shown in Figure 8a,b, which further illustrates that the ape-
riodic sample had a uniform layer structure. However, for the carbon atomic concentration
curves, there was an accumulation that appeared at the SiC-on-WC interface when the SiC
was deposited on a thicker WC layer (≥6.0 nm). In the thinner stack, the oscillation of the
C atomic concentration was smaller than 5%, whereas in the thicker stack, this oscillation
was close to 10%.
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Based on the comprehensive measurements and analysis presented in this section, we
formulated a plausible model for the evolution of the physical characteristics in WC/SiC
multilayer films, as shown in Figure 9. When the WC layer was relatively thin, both the WC
and SiC layers were amorphous. The C atoms were almost uniformly located in the entire
multilayer, reducing the diffusion between W and Si atoms [12]. Therefore, the interface
width was very small in the thinner stack. As the thickness of the WC layer increased,
WC grains began to emerge. Initially, these grains mostly manifested as α-WC grains. As
the WC layer continued to thicken, there was a noticeable change in the crystalline state,
transitioning from α-WC to W2C. Simultaneously, dissociative C atoms were pushed by
the emerging tiny grains within the WC layer, migrating toward the SiC-on-WC interface.
These C atoms helped smooth the crystalline WC layer, ensuring that the interface width
did not escalate significantly. Thus, even as the WC layer evolves, the WC/SiC combination
maintains excellent interfacial properties.
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Figure 9. The microstructure evolution model of WC/SiC multilayer as WC layer thickness increased:
(a) amorphous state; (b) crystalline state emerged (mainly manifests as α-WC); (c) crystalline state
enhanced (mainly manifested as W2C).

4. Conclusions

The experimental findings offer a detailed insight into the WC layer evolution mech-
anisms within WC/SiC multilayers. We also constructed a model to account for the
migration of carbon atoms toward the WC/SiC interface. Utilizing measurements from
GIXR, XRD, AFM, and TEM, it was confirmed that the carbon atom distribution was almost
uniformly within the entire multilayer when the WC layer was thin. As the WC layer
thickness increased, the carbon atoms began to move towards the SiC-on-WC interface.

When the WC layer thickness was within the range of 1.0 nm to 3.0 nm, the layer was
amorphous. As the thickness of the WC layer increased, minimal grains emerged in the
WC layer in the form of an α-WC (100) orientation. As the thickness further increased, the
orientation transformed to W2C (121) and W2C (112), and the crystallinity became stronger.
The enhanced crystallinity in the WC layer caused carbon atoms to migrate toward the SiC-
on-WC interface. This migration not only inhibited the interaction of tungsten and silicon
at the interface but also mitigated the impact of the W2C grains on the interface quality.

However, it is crucial to note that in this study, the thickness of the SiC layer in the test
samples was kept constant to specifically assess the impact of the WC layer’s thickness on
the overall multilayer system. The effects of variations in the SiC layer thickness on the
system remain an open question and will be the focus of future research.
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