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Abstract: Ru/C multilayer mirrors with a period of 2.5 nm and 150 bilayers were studied under high-
temperature annealing and long-term storage. A general increase in the reflectivity was observed
after annealing at different temperatures from 300 to 700 °C, during which a maximum enhancement
of around 14% was obtained at 600 °C. The highest reflectance measured at 8 keV reached 69%
after 600 °C annealing. This was accompanied by a 6% expansion of the layer period, which could
be mainly attributed to carbon layers. The surface roughness was not affected by the annealing,
whereas the polycrystallization of Ru with crystallographic planes parallel to the layer interfaces was
enhanced. Combining the transmission-electron microscopy measurements, it was found that the
interdiffusion at the C-on-Ru interface was significantly suppressed. The decreased interdiffusion,
enhanced optical contrast, and larger multilayer period were the main reasons for the increased
reflectance. The 600 °C annealed Ru/C multilayer remained intact after 13 months of storage in air,
which also demonstrated significant temporal stability.

Keywords: ultrathin Ru/C multilayer; high-temperature treatment; layer microstructure; X-ray re-
flectance

1. Introduction

Nanoscale multilayers are widely used as hard X-ray monochromators in synchrotron-
radiation facilities and other applications. Compared with crystal monochromators, the
energy bandwidth of multilayers is typically two orders of magnitude larger, and can
produce more than 10 times more integral flux [1-3]. Thus, it is of particular interest
for a beamline requiring maximum photon flux and moderate energy resolution [4—6].
Reflectivity and stability are the two main properties of multilayers. As one of the first
optical elements of a synchrotron-radiation beamline, the multilayer monochromator is
exposed to an extremely high photon flux and high heat load. This can result in the
degradation of the nanoscale multilayer structure and a reduced reflectivity performance.
Therefore, the multilayer must have good thermal stability to ensure long-term reliability
in synchrotron-radiation monochromators [7-10].

The Ru/C multilayer is one of the most promising candidates for high-flux X-ray
monochromators applied in the energy range of 7-20 keV [11]. Some work has been done
on the thermal stability of the Ru/C multilayers already. Nguyen et al. fabricated Ru/C
multilayers with periods (d, d = dry, + dc, total thickness of both Ru and C layers within one
bilayer) of 2.0, 5.0, and 10.0 nm for normal incidence reflectors at soft X-ray wavelengths
and annealed at 500 °C. They found that the period increased after annealing. The Ru
layers with d = 2.0 nm were agglomerated at 500 °C, resulting in the destruction of the
layered structures. Enhanced crystallization appeared in the Ru layer with a period of
5.0 and 10.0 nm after annealing [12]. Nguyen et al. also studied the thermal stability of
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Ru/C multilayers with d = 3.5 nm annealed at 600 °C. In addition to the similar period
expansion (~14%, which means the extension of periodic thickness) and agglomeration
of Ru, enhanced roughness and interdiffusion between the layers were also found after
600 °C annealing [13]. Hui et al. studied the microstructure of Ru/C multilayers with
different periods. They found that the period expansions with 4 = 3.0, 4.0, and 5.0 nm were
4.1%, 3.2%, and 2.3%, respectively, after 400 °C annealing. The roughness was found to
be related to the thickness of the Ru layer [14]. They also performed high-temperature
treatment from 100 to 600 °C on a Ru/C multilayer with d = 5.0 nm. The multilayer had a
similar interfacial roughness but a smaller fractal exponent after the 600 °C treatment, as
determined by the grazing-incidence small-angle X-ray scattering measurement [15].

On the other hand, as the thermal stability of multilayers was usually tested with
annealing experiments, it was found that the annealing process could occasionally increase
the reflectance. Bai et al. found that the first- and second-order Bragg peak intensities of
Co/C multilayers with d = 5.0 nm had been enhanced considerably after 300 and 400 °C
annealing [16,17]. An increase in peak reflectance of the first-order Bragg peak of W/C
multilayers with a period of ~3.0 nm was also observed by Kortright et al. after 400 °C
annealing [18].

It can be seen that the studies on thermal stability performed on Ru/C multilayers have
mainly been focused on those with relatively large periods, i.e., above 3.0 nm. However, in
order to achieve a larger grazing-incidence angle, higher-working energy, and higher energy
resolution in applications, multilayers with a period smaller than 3.0 nm are increasingly
required. In this case, the interface structure and thermal stability can be significantly
different compared to the thick ones, and can be affected by subnanometer changes in layer
thickness. Furthermore, the annealing effect on the reflectivity of Ru/C multilayers has not
been explored in previous studies [12-15], which makes it difficult to estimate the exact
impact of heat load on the photon flux transmitted by the multilayer monochromator.

Our group recently studied the microstructure evolution of Ru/C multilayers with
different periods and found that the smallest period that a Ru/C multilayer can grow
while maintaining high quality is around 2.5 nm [19]. For the application of this ultrathin
multilayer in a high-heat-load working condition, such as in synchrotron-radiation facilities,
the microstructure and reflectivity of the Ru/C multilayer with a period of 2.5 nm under
elevated temperatures and long-term storage were systematically studied in this paper. It
was found that, after annealing at 300-700 °C, the reflectance generally increased by 10%
compared to the as-deposited state. This indicated significant thermal stability of the 2.5 nm
period Ru/C multilayer, which was different from the previously reported result [12,13].
The physical factors that contributed to the enhanced reflectance are discussed.

2. Materials and Methods

The six Ru/C multilayer samples with a period of 2.5 nm and a gamma ratio (the
thickness of Ru layer to the period) of ~0.5 were fabricated using the direct-current (DC)
magnetron-sputtering technique. To obtain saturated reflectivity, 150 bilayers were applied
for all specimens. Super-polished Si (100) wafers with a surface roughness of about 0.2 nm
were used as the substrates. The base pressure before deposition was 5.0 x 107> Pa. The
diameters of the Ru and C cathodes were both ~13 cm. The sputtering powers of Ru and C
were both a few tens watts, and the distances to the substrates were ~10 cm. The substrate
first moved to the sputtering area directly above the Ru, stayed for a fixed period of time,
and then moved directly above the C where it remained for a period of time. In this way,
the substrate was moving back and forth between the sputtering areas of Ru and C to finish
the growth of each layer. During the deposition process, argon with a purity of 99.999%
was used as the sputtering gas with a working pressure of approximately 0.14 Pa. The
deposition rates of the Ru and C layers were about 0.070 and 0.040 nm/s, respectively.

After deposition, different heat treatments were executed for the Ru/C multilayers
with the temperature increasing from room temperature to 300, 400, 500, 600, and 700 °C.
In between, the temperature was ramped up by 10 °C/min. All samples were held at the
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desired temperature for 1 h and then cooled to room temperature. In order to determine the
structural information, including the thickness, density, and interface width, the multilayers
were characterized by grazing-incidence X-ray reflectometry (GIXR, Bede D1, Durham,
UK) at the Cu-K« emission line (A = 0.154 nm) before and after annealing. The GIXR curves
were fitted based on a two-layer structure model including thickness drifts (owing to the
long sputtering time of the saturated bilayers) using IMD software (version 5.0) [20]. The
scattering measurements were performed using the rocking-curve scan mode around the
first-order Bragg peak position. The surface morphology of the multilayers was measured
using atomic-force microscopy (AFM). In order to study the crystallization change which
occurred during annealing, X-ray diffraction measurements (XRD) were performed using
the theta—2theta (6-26) scan and grazing-incident X-ray diffraction (GIXRD) scan modes.
GIXRD was performed at a grazing-incident angle of 1°. The layer microstructure and
crystallization change were further characterized by transmission-electron microscopy
(TEM). The TEM samples were prepared by a focused ion beam, and the measurements
were performed with Talos F200X equipment (FEI, Hillsboro, OR, USA). After annealing,
the Ru/C multilayers were further stored in the air environment with about 40% humidity
at room temperature to study their temporal stability.

3. Results

The GIXR curves of all Ru/C multilayers at various temperatures are shown in
Figure 1a, together with the fitted data. The measured first-order Bragg peaks are shown
in Figure 1b in linear scale. The detailed-fitted structural parameters are listed in Table 1.
The relative changes of the first-order Bragg peak reflectivity (Ragter — Rpefore) and the
period (Ad = dafier — Apefore) Were calculated based on the GIXR curves and shown in
Figure 2a,b, respectively. Due to the alignment error and variation of the source intensity,
an error bar was added for the peak reflectivity and period changes based on repeated
measurements. The as-deposited Ru/C multilayers had a good layer structure with
an average first-order Bragg peak reflectivity of 54.0% at 8.04 keV. After annealing at
300 °C, the intensity of all Bragg peaks was enhanced compared to the as-deposited one,
especially for the higher orders, implying a decrease in the average interface width. The
first-order reflectivity was increased by approximately 10%. The Bragg peaks shifted
to smaller angles, indicating an expansion of the period of ~0.056 nm, according to the
fitting results. Annealing at higher temperatures of 400 and 500 °C generated a similar
increase of the reflectivity and slightly larger period expansions of ~0.078 and ~0.115 nm,
respectively. The maximum increase of the reflectance was observed after annealing at
600 °C, which reached almost 14%. The average interface width decreased from 0.30
(as-deposited) to 0.27 nm (after annealing). The period expansion further increased
to ~0.157 nm. This was similar to that observed in Ru/C multilayers with d = 3.5 nm
(600 °C annealed [13]). After annealing at 700 °C, the increase of reflectivity became
smaller than the case of 600 °C (Figure 2a); however, the first-order reflectivity of the
annealed multilayer was still high, about 61%. The average interface width was reduced
to 0.28 nm. The period expansion reached ~0.279 nm at 700 °C, which was about 11% of
the original period (Figure 2b). Based on the fitted results, asymmetric interfaces were
found after annealing, and the interface width of C-on-Ru was significantly smaller than
Ru-on-C. Due to the layer expansion, the density of Ru and C layers (according to the
simplified two-layer model) decreased, especially for the carbon layers, which was also
reported in the Cr/C multilayer [21].
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Figure 1. (a) GIXR measurements and (b) First-order Bragg peaks (E = 8.04 keV) of Ru/C multilayers under different
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Figure 2. Relative changes of the first-order reflectivity (a) and period (Ad) (b) Relative changes of the Ru/C multilayers
after different annealing temperatures.
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Table 1. Detailed fitting structural parameters of Ru/C multilayers measured before and after annealing.

. 5 Density * (g/cm®) Interface Width o (nm) As Interf E i tal
° i Period (nm) i i verage Interface xperimenta
Temperature (°C)  Annealing Period Expansion (nm) Ru C Ru C Width o (nm) Reflectivity (%)

300 Before 2.504 0.056 10.99 1.97 0.27 0.32 0.30 52.0
After 2.560 ‘ 10.86 1.78 0.25 0.30 0.28 63.8
400 Before 2.490 0.078 10.98 1.96 0.27 0.32 0.30 53.4
After 2.568 : 10.87 1.79 0.24 0.30 0.27 67.1
500 Before 2.453 0115 10.96 1.94 0.28 0.32 0.30 54.7
After 2.568 : 10.89 1.79 0.24 0.29 0.27 67.0
600 Before 2.530 0157 10.95 1.94 0.28 0.32 0.30 54.3
After 2.687 ’ 10.84 1.78 0.23 0.31 0.27 69.2
700 Before 2.509 0979 10.95 1.92 0.28 0.32 0.30 55.6
After 2.788 : 10.85 1.74 0.24 0.31 0.28 61.2

* Bulk densities of Ruand C are 12.3 and 2.2 g/ cm’, respectively.
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As shown in Figure 3, the refractive index profiles (real part) of the as-deposited and
700 °C annealed Ru/C multilayers were calculated by GenX software (version 2.4.10) [22]
based on the GIXR-fitted models. In order to make the refractive index profiles intuitive
and clear, only three bilayers were selected from the internal multilayer structure. The
refractive index profiles more truly reflected the variation of the electron density and optical
constants inside the multilayer microstructure. The ideal profile of the Ru/C multilayer
with bulk density and perfect interface (dash line) was also given for comparison. For the
as-deposited sample, the index of C was close to the standard values obtained with the bulk
material density. However, the index of Ru was larger than the standard values. This could
be attributed to the lower density of the layers resulting from the slightly porous layer
structure and the interdiffusion of C into Ru. The fitted layer density of Ru was approxi-
mately 90% of the bulk value (Figure 1). After annealing at 700 °C, the index difference
between the Ru and C layers started to increase, indicating an improved optical contrast
of the multilayer compared with the as-deposited one. The smaller interface width and
higher optical contrast both enhanced the experimental reflectivity of annealed multilayers.
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Figure 3. Real part of refractive index profile of the as-deposited and 700 °C annealed Ru/C
multilayers with ideal layer structure (dashed lines) and experimentally fabricated structure (solid
lines). Bulk densities of Ru and C are 12.3 and 2.2 g/cm?3, respectively.

In order to study the influence of annealing on the interface roughness of the Ru/C
multilayers, an X-ray scattering measurement was performed using the rocking-curve
scan mode, where the grazing angle was determined from the sample surface. The curves
were shifted slightly along the angle axis to make the center peak at the same position for
comparison. As shown in Figure 4, there was no obvious difference in the intensity of the
scattering wings during annealing, which indicated that the interface roughness of the
Ru/C multilayers after annealing at different temperatures had not changed significantly.

The surface morphologies of Ru/C multilayers before and after annealing at 300 and
700 °C can be seen in the AFM images in Figure 5. The surface contour image was measured
over a2 pm X2 um area, with 512 x 512 points. As shown in Figure 5, the average root-
mean-square (RMS) values of the as-deposited Ru/C multilayer was 0.17 nm, and the one of
the multilayers annealed at 300 and 700 °C were 0.16 and 0.18 nm, respectively. The surface
roughness remained almost unchanged before and after annealing, and both displayed
relatively smooth morphologies. This also proved that high-temperature annealing did
not change the interface roughness obviously, and the decrease of the interface width after
annealing could be mainly due to the suppression of interdiffusion.
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Figure 4. X-ray scattering measurements (rocking-curve scan mode) of Ru/C multilayers under
different annealing temperatures.
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Figure 5. AFM images of Ru/C multilayers under different annealing temperatures (a) as-deposited, (b) 300 °C, and

(c) 700 °C.

To study the changes of crystallization which occurred under annealing, XRD mea-
surements of the as-deposited and annealed Ru/C multilayers were performed using
two scan modes. The GIXRD scan results with fitted curves, shown in Figure 6a, were
applied to analyze the grains with the crystallographic plane not parallel to the multilayer
interface. It was found that for the as-deposited Ru/C multilayer, a weak diffraction peak
was observed at about 41.0°. This could be identified as a (002) crystallographic plane of
Ru with a small contribution from the (100) crystallographic plane of Ru, according to the
Powder Diffraction File (PDF) of the International Centre for Diffraction Data. The phase
of polycrystalline Ru was elemental Ru, and the C layers of all samples were amorphous.
With the increase of annealing temperature, the diffraction intensity of the 300 °C- and
500 °C-annealed multilayers changed very little, while the diffraction peak shifted slightly
to higher angles. The diffraction from Ru (002) became stronger, and a new peak of Ru (101)
appeared at 500 °C. After annealing at 700 °C, the diffraction intensity of the multilayer
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became even smaller. The peak position further shifted to higher angles, which implied
a larger contribution from Ru (101). Figure 6b shows the XRD results with fitted curves
measured in the 6-20 scan mode, in which only the crystallographic plane parallel to
the multilayer surface could be detected. It can be seen that the diffraction peak of the
as-deposited Ru/C multilayer was also very weak, corresponding to the diffraction from
the (100) and (002) crystallographic planes of Ru. As the temperature increased to 300
and 500 °C, the diffraction intensity gradually increased. After 500 °C annealing, the
diffraction peak slightly shifted to higher angles, which could be identified as Ru (002)
with a small contribution from Ru (101). After annealing at 700 °C, the diffraction peak
was significantly enhanced due to diffractions from the (002) and (101) crystallographic
planes of Ru. Through fitting the diffraction peaks of all Ru/C multilayers, it was found
that the size of Ru grains with different crystallographic planes remained the same during
annealing, i.e., ~1.5 and ~1.8 nm for the ones grown nonparallel and parallel to the layer
interface, respectively. It was determined that the increased diffraction intensity with
temperature at the 6-26 scan mode was mainly caused by the increased number of grains
with crystallographic planes parallel to the multilayer interface. Meanwhile, the amount of
grains grown nonparallel to the interfaces remained unchanged or even decreased with
higher temperature.
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Figure 6. XRD results (a) GIXRD scan mode and (b) 820 scan mode of Ru/C multilayers under different annealing temper-

atures.

The layer morphology and microstructure of the as-deposited and 700 °C annealed
Ru/C multilayers were further characterized by TEM. As shown in Figure 7, the bright
layers were C, and the dark layers were Ru. For the as-deposited sample (Figure 7a), the
multilayer exhibited a well-defined periodic layered structure. The high-resolution image
(Figure 7b) shows that the as-deposited multilayer had an almost amorphous-like layer
structure and relatively blurred interfaces. The weak polycrystallization of the multilayer
before annealing was not easy to observe by TEM. After annealing at 700 °C, as shown
in Figure 7d, the Ru layers were partially crystallized, and some of the crystallographic
planes were grown parallel to the interfaces. This was consistent with the XRD results
(Figure 6b). An asymmetric interface structure with smaller interface width at the C-on-Ru
interface was observed, which supported the GIXR fitted results (Table 1). The smaller
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interface width may be explained by the increased amount of Ru grains, especially with
crystallographic planes grown parallel to the interfaces that could suppress the diffusion
of carbon atoms into Ru [23]. Based on the aforementioned characteristics, it could be
concluded that the suppression of the interdiffusion, especially at the C-on-Ru interface,
the increase of the optical contrast of the layers, and the period expansion all contributed
to the significantly increased reflectance. This was also found in the annealing results of
a Ni/C multilayer [24]. It is worth noting that Nguyen et al. found agglomeration of Ru
layers in a Ru/C multilayer with d = 2.0 and 3.5 nm, during 500-600 °C annealing [12,13].
By contrast, the Ru/C interfaces became sharper after high-temperature annealing, with
no agglomeration found in our work. Enhanced crystallization of Ru was found in both
studies. The difference may be explained by the advancement of sputtering techniques
over the past two decades, which make it possible to create Ru/C multilayers with different
microstructures and energy at the interfaces, and different diffusion behavior under certain
high temperatures, for example, a higher sputtering pressure compared to the one applied
in our study, as mentioned in [25].

Figure 7. Cross-section TEM images of the as-deposited (a,b) and 700 °C annealed (c¢,d) Ru/C multi-
layers.

The 600 °C annealed Ru/C multilayer was measured by GIXR again after 13 months
in storage (Figure 8). The GIXR results of first-order Bragg peaks are shown in Figure 8b. It
was found that the high reflectivity of the 600 °C annealed Ru/C multilayer was almost
identical (~69%) after 13 months of storage, as was the angle position of the Bragg peaks.
This demonstrated that the improved layer structure and reflectance by heat treatment
was very stable during long-term storage. It is well-known that controlling the layer
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growth behavior and reducing the subnanometer interface width of ultrathin multilayers
is very challenging. This study demonstrated an easy method to improve the interface
sharpness and X-ray reflectance of Ru/C multilayers which can be used for multilayer-
monochromator applications. Considering both the enhanced reflectance and minimum
layer-thickness changes, 300 °C annealing may be an optimal process.
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Figure 8. (a) GIXR and (b) First-order Bragg peaks of the as-deposited and 600 °C annealed Ru/C
multilayers within 13 months.

4. Conclusions

Ru/C multilayer mirrors with a period of about 2.5 nm and 150 bilayers were fabri-
cated and annealed at different temperatures. It was found from the GIXR measurement
that the reflectivity of Ru/C multilayers increased by 10-14% at 8 keV after annealing at
300 to 600 °C. A reflectivity of 61% was preserved after annealing at 700 °C. The multilayer
period also increased by 2% to 11% after annealing at 300 to 700 °C. Both the GIXR fitting
and TEM results showed that the multilayer interfaces became sharper after annealing,
especially for the C-on-Ru interface, which also led to higher optical contrast. The X-ray
scattering and AFM measurements indicated negligible changes of the interface and surface
roughness, which meant the decrease of interface width should mainly come from the
suppressed interdiffusion. The suppressed interdiffusion, higher optical contrast, and
larger layer period all contributed to the enhancement of X-ray reflectance. The 600 °C
annealed Ru/C multilayer exhibited the same structure and reflectivity after 13 months of
storage, indicating significant temporal stability. Based on the results, vacuum annealing
at temperatures of 300 to 600 °C can be used as a simple method to further improve the
reflectance of ultrathin Ru/C multilayers. This method can be further tested on Ru/C
multilayers with an even smaller period, as well as other C-based multilayer systems, in
order to produce ultrathin multilayers with higher quality. The microstructure changes
of the Ru/C multilayer revealed in this work will also provide useful guidance for the
application of X-ray multilayer monochromators.
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