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Multilayers made of Ru/C are the most promising candidates when working in

the energy region 8–20 keV. The stability of its thermal properties, including

thermal expansion and thermal conduction, needs to be considered for

monochromator or focusing components. Ru/C multilayers with periodic

thicknesses of 3, 4 and 5 nm were investigated in situ by grazing-incidence

X-ray reflectometry and diffuse scattering in order to study their thermal

expansion characteristics as a function of annealing temperature up to 400�C.

The thermal conductivity of multilayers with the same structure was also

measured by the transient hot-wire method and compared with bulk values.

1. Introduction

Ru/C (Stampanoni et al., 2006; Störmer et al., 2016) and Ru/

B4C multilayers (Sawhney et al., 2011) are widely used in the

energy range 8–20 keV due to their high-reflectance perfor-

mance and stable interfacial structure. With the development

of third-generation synchrotron radiation and free-electron

laser facilities, reflective multilayers are required to treat

higher thermal loads to realise the high-throughput experi-

mental mode. In a monochromator, the first multilayer

absorbs most of the incident white-beam flux, normally with a

power density far exceeding several watts per square milli-

meter, which produces a thermal bump, leading to wavefront

errors (Rutishauser et al., 2013). Once the cooling system fails

to work, the multilayer can rapidly reach high temperatures

(Ziegler et al., 1989). Heat-load-induced deformation and

thermal stress due to mismatch of the thermal expansion

coefficient between multilayers and substrate have been

investigated in recent years (Cheng et al., 2014, 2015). In

addition, for coatings on focusing components such as Kirk-

patrick–Baez mirrors (Yumoto et al., 2013) or multilayer Laue

lenses (Kang et al., 2006) without cooling, heat may accumu-

late on the coating surface due to pink-beam incidence and/or

the influence of heating the sample when the focal length

is small. Based on the above-mentioned situations, measure-

ments of thermal expansion and thermal transport become

important for modelling thermal distribution and estimating

stability in multilayers. Scientists from ESRF have optimized

(Zhang et al., 2013), simulated (Sawhney et al., 2011) and

measured (Rutishauser et al., 2013) multilayers in order to

minimize such potential damage.

Besides thermal expansion, thermal conductivity of the

multilayers is the other important factor, and decides the heat

exchange rate with the environment and the equilibrium
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temperature of the multilayers. Due to the nanometer scale of

the layer thickness in the multilayer, the thermal conductivity

of the multilayer may be different from the material bulk

values. Some effective methods have been used to measure the

in-plane (parallel to the interfaces) or cross-plane (perpendi-

cular to the interfaces) thermal conductivity of thin-film

structures, including the transient hot-strip technique

(Belkerk et al., 2012), the 3-! technique (Chen, 1997),

photothermal deflection spectroscopy (Moorhead et al., 2010)

and micro-Raman spectroscopy (Luo et al., 2014), etc.

Some related studies presented the influence of crystallites

in Ru/C or Ru/B4C multilayers. Ruthenium layers were found

to form hexagonal ruthenium crystallites after annealing

which enhanced the uncorrelated roughness (Nguyen et al.,

1992). A sputtering atmosphere with different oxygen frac-

tions was proved to clearly influence crystallites of Ru and

their reflectivity (Walton & Kortright, 1995). Our previous

study determined the structural stability of Ru/C multilayers

during low-temperature treatment (Jiang et al., 2015).

In this paper, in situ measurements at different annealing

temperatures including grazing-incidence X-ray reflectometry

and rocking-curve scattering were used to investigate the

structure evolution of Ru/C multilayers, and temperature-

dependent cross-plane thermal conductivities along the

multilayer depth were measured based on the transient hot-

wire method.

2. Experiments and methods

Six pieces of Ru/C multilayer samples (S1–S6) were deposited

by direct current magnetron sputtering on silicon (110) wafers

of size 35 mm � 22.5 mm and thickness 0.75 mm at room

temperature by Incoatec GmbH, Germany. The thickness

ratio � and the period number N for all samples were 0.5 and

100, respectively. The design periodic thicknesses for these

samples were 3 nm (S1 and S2), 4 nm (S3 and S4) and 5 nm

(S5 and S6). Each pair of samples with the same structure were

deposited simultaneously.

Samples (S1, S3 and S5) were measured by grazing-inci-

dence X-ray reflectometry (XRR) and diffuse scattering

(XDS) at the X-ray diffraction beamline (BL14B1) of

Shanghai Synchrotron Radiation Facility. An X-ray energy of

10 keV was selected using a silicon double-crystal mono-

chromator with energy resolution of �1.5 � 10�4; the beam

size before the samples was �0.4 mm � 0.4 mm. The grazing-

incidence measurement were made by �–2� scan. The diffuse

scattering measurements were made by rocking-curve scan by

fixing the point detector and scanning the incidence angle near

the first Bragg reflections. During the measurements, the

multilayers were placed in a chamber and the wafers were

heated up from room temperature up to �400�C in an air

atmosphere. Theoretical XRR curves as a function of grazing-

incidence angle can be calculated based on Parratt’s recur-

rence formula (Parratt, 1954). The interfacial widths from

layer to layer satisfy the law of the structure growth �2
j =

�2
j�1 þ hD (Pleshanov, 2004), where �j is the interfacial width

at the jth interface from the substrate, D is the periodic

thickness and parameter h is the roughness growth rate. The

experimental reflectivity data were fitted based on theoretical

data based on the method of least squares.

The cross-plane thermal conductivity ’ of the multilayers

(S2, S4 and S6) and silicon wafer were measured by the

transient hot-wire method (Healy et al., 1976) at �30, 40 and

117�C, respectively. During the measurements, each sample

was divided into two parts and a thin nickel wire was clamped

on the multilayer surfaces as a sensor. The temperature of the

wire was recorded while applying a transient voltage of 2.5 V

for a short duration. Regarding the multilayers as a whole, the

working equation satisfies Fourier’s law. While the radius of

the wire is small, the working equation can be deduced to be

�T ¼
q

4�’
ln tð Þ þ

q

4�’
ln

4�

r 2
o expð�Þ

� �
;

where �T is the temperature deviation of the wire at time t,

q = 8.733 W is the applied power for unit hot wire, � is the

thermal diffusivity and � ’ 0.577 is Euler’s constant (Healy et

al., 1976).

3. Results and discussions

The Ru/C multilayers S1, S3 and S5 were measured by using

grazing-incidence reflectometry at room temperature, 100,

200, 300 and 400�C. The reflectivity curves and their fitting

curves are shown in Fig. 1. The periodic thicknesses were

calculated using the modified Bragg equation accurately and

the structural parameters were obtained by curve-fitting based

on a reasonable initial structure including the structure growth

model, as can be seen in Table 1, where the density of Ru and

C are 12.2 g cm�3 (Ru crystal) and 2.22 g cm�3 (graphite),

respectively. Because the sample chamber was not filled with

protective gas during the measurement, surface oxidation also

needs to be considered in the fitting model. The results show

that thinner multilayers S1 and S3 were easily oxidized at the

surface when the sample temperature reached 300�C. The

thermal expansion of periodic thickness D gradually increased

as a function of annealing temperature. The thinner sample

has a larger coefficient of thermal expansion. The fitting

results found in Fig. 2 show different tendencies of thickness

change for the two materials in different samples. The thick-

ness change of each layer comes from two effects: thermal

expansion itself and the thermal-induced interdiffusions

between two adjacent layers. In S1, since the layer thickness is

small, interdiffusion played a dominate role. The Ru/C inter-

faces moved towards the ruthenium layers due to interdiffu-

sion, which resulted in the thicknesses and densities of the

carbon layers increasing simultaneously and significantly. With

the increasing of layer thickness, the influence from the

material itself gradually became dominant. While the periodic

thickness reaches 5 nm, the ruthenium layers were found to be

obviously crystalline (Jiang et al., 2015) and their densities

decreased. The thicknesses of the carbon layer showed little

changes in our annealing experiment at temperatures below

400�C (Tu et al., 2014), which meant that the interdiffusion

behavior was blocked to some extent and became weak. The
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thickness change of the multilayer was mainly from the

expansion of the ruthenium layers.

The law of the structure growth was introduced to the

multilayer model. The roughness growth rate, which is the rate

of change of roughness as a function of period number,

revealed a correlation of interfacial roughnesses sensitively

with a change of periodic thickness and annealing tempera-

ture. Before the multilayers were annealed, the roughness

growth rates of the two materials were similar and became

larger with increasing periodic thickness. As the annealing

temperature increased, the roughness growth rates increased

significantly. Comparing the three samples, the situations were

still different. In S1, the roughness growth rates changes were

small compared with the other two samples and relatively

similar for the two materials. This was because the inter-

diffusion, which plays a dominant role in thermal expansion,

was relatively symmetric in the Ru-on-C and C-on-Ru inter-

faces and was not obviously influenced by the increasing

period number. With the increases of the periodic thicknesses

in S3 and S5, the roughness growth rate in the Ru-on-C

interfaces clearly increased more than in the C-on-Ru inter-

faces as a function of temperature. Referring the fitting results

of the thickness and density, this phenomenon can be inter-

preted as the gradually crystallized Ru layers having larger

surface free energy and fewer void streaks in their structures

so that the upper C layers more easily form smooth layers

rather than diffuse into Ru layers or island growth (Mo et al.,

1990; Lüth, 2010).

The rocking-curve diffuse scattering curves measured near

the first Bragg reflection for three samples can be seen in Fig. 3.
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Figure 1
Grazing-incidence reflectivity curves (dots) for S1 (a), S3 (b) and S5 (c),
measured when the samples were annealed at room temperature, 100,
200, 300 and 400�C, and their fitting curves (lines).

Figure 2
Thermal expansion of Ru and C layers in multilayers S1 (circle), S3
(square) and S5 (triangle) with increasing annealing temperature.

Figure 3
Rocking-curve diffuse scattering curves near the first Bragg reflection for
multilayers S1, S3 and S5 measured at room temperature, 200 and 400�C.



The XDS measurement distinguished between the roughness

and the interdiffusion signals. The results revealed that the

main part of the roughness increase was in the high-frequency

region. When the annealing temperature reached 400�C, the

Yoneda wings on both sides in the high-frequency region can

be measured clearly. High-frequency roughness is known to be

more difficult to replicate with the layer deposition compared

with low-frequency roughness (Stearns, 1992) so that the

vertical correlation in the Ru/C multilayer decays after

annealing. In the low-frequency region near the Bragg peak,

the roughness increased more obviously with increasing

temperature in thinner multilayers. This reveals a better

vertical correlation in thinner multilayers which matches the

smaller roughness growth rate determined by XRR.

Multilayers S2, S4 and S6 and an uncoated silicon wafer (the

same as the wafers used for the multilayer coating) were used

to measure the cross-plane thermal conductivity by the tran-

sient hot-wire method. Each curve of the temperature devia-

tion versus the natural logarithm of increasing test time

showed two inflection points, at t = 10�4 s and t = 10�2 s. These

curves can be linear fitted into three segments based on these

inflection points, as can be seen in Fig. 4. There is no obvious

regularity of the slopes of the first fitting curves, not only for

different temperatures but also for different samples. The

slopes of the third fitting curves are similar and close to the

slope of the fitting curve in the uncoated silicon wafer.

Considering the structure of the multilayers, the three
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Figure 4
Temperature deviations of the wire with increasing natural logarithm of
test time for S6 at different initial temperatures (dots) and piecewise
linear fittings (lines).

Table 1
Structural parameters for S1, S3 and S5 by fitting the grazing-incidence reflectivity curves at room temperature, 100, 200, 300 and 400�C.

Temperature
(�C)

Periodic thickness
(nm)

Thickness
(nm)

Density
(%)

Interfacial width
at the bottom
layer (nm)

Roughness
growth rate
(�10�4)

S1 30 3.001 � 0.001 Ru 1.55 � 0.01 90.75 � 7.19 0.27 � 0.07 0.33 � 0.03
C 1.46 � 0.01 99.89 � 3.10 0.28 � 0.05 0.32 � 0.05

100 3.006 � 0.001 Ru 1.54 � 0.02 99.61 � 5.21 0.23 � 0.04 1.66 � 0.06
C 1.47 � 0.02 134.42 � 5.32 0.28 � 0.05 0.67 � 0.04

200 3.025 � 0.002 Ru 1.52 � 0.02 96.86 � 3.36 0.25 � 0.05 1.65 � 0.04
C 1.50 � 0.02 109.33 � 4.27 0.24 � 0.04 2.61 � 0.08

300 3.063 � 0.002 Ru 1.54 � 0.02 90.26 � 4.33 0.31 � 0.08 1.72 � 0.08
C 1.53 � 0.02 128.27 � 4.01 0.24 � 0.07 2.94 � 0.09

400 3.123 � 0.003 Ru 1.57 � 0.03 99.96 � 3.56 0.25 � 0.07 2.24 � 0.12
(oxidation of 3 periods) (1.71 � 0.09) (78.28 � 3.14)

C 1.55 � 0.02 130.77 � 4.94 0.27 � 0.08 2.56 � 0.16
(1.70 � 0.11) (94.99 � 6.07)

S3 30 4.061 � 0.008 Ru 2.00 � 0.02 92.97 � 3.17 0.28 � 0.04 0.25 � 0.04
C 2.06 � 0.02 99.91 � 4.01 0.29 � 0.03 0.53 � 0.06

100 4.068 � 0.008 Ru 2.01 � 0.02 93.66 � 4.13 0.27 � 0.05 1.23 � 0.05
C 2.07 � 0.02 100.67 � 4.52 0.25 � 0.05 1.72 � 0.09

200 4.081 � 0.002 Ru 2.02 � 0.02 89.63 � 3.44 0.30 � 0.04 1.68 � 0.04
C 2.07 � 0.02 117.19 � 4.37 0.25 � 0.06 3.43 � 0.11

300 4.125 � 0.001 Ru 2.05 � 0.03 92.27 � 6.04 0.28 � 0.07 1.45 � 0.15
(oxidation of 2 periods) (2.23 � 0.09) (107.97 � 6.54)

C 2.08 � 0.02 73.74 � 4.98 0.24 � 0.07 6.03 � 0.20
(2.16 � 0.08) (115.71 � 5.23)

400 4.192 � 0.004 Ru 2.09 � 0.03 95.55 � 4.78 0.24 � 0.08 1.43 � 0.14
(oxidation of 2 periods) (109.95 � 5.97)

C 2.10 � 0.03 71.05 � 5.09 0.27 � 0.08 6.92 � 0.19
(70.01 � 5.77)

S5 30 5.025 � 0.005 Ru 2.55 � 0.02 86.17 � 3.49 0.17 � 0.05 1.31 � 0.06
C 2.46 � 0.02 98.45 � 4.21 0.25 � 0.05 1.35 � 0.04

100 5.019 � 0.005 Ru 2.55 � 0.02 85.24 � 3.87 0.16 � 0.06 1.79 � 0.08
C 2.45 � 0.02 128.75 � 4.53 0.28 � 0.05 3.59 � 0.06

200 5.044 � 0.003 Ru 2.56 � 0.02 85.45 � 4.04 0.16 � 0.05 1.99 � 0.07
C 2.48 � 0.03 100.01 � 4.36 0.22 � 0.06 4.01 � 0.14

300 5.073 � 0.010 Ru 2.58 � 0.03 87.04 � 4.25 0.16 � 0.06 3.29 � 0.09
C 2.48 � 0.03 97.59 � 4.79 0.25 � 0.07 7.34 � 0.17

400 5.141 � 0.010 Ru 2.62 � 0.03 89.20 � 5.03 0.16 � 0.08 3.69 � 0.16
C 2.50 � 0.04 108.73 � 5.19 0.26 � 0.06 10.70 � 0.24



segments of the fitting curves correspond to surface contam-

ination and/or oxidation, the multilayer coating and the silicon

substrate. The thermal conductivities of the multilayer struc-

tures and silicon substrates at different temperatures can be

easily deduced by fitting the second- and third-segment curves,

as can be seen in Fig. 5. Each layer thickness in the multilayer

structure is sufficiently small that it cannot be distinguished

independently. The results reveal that the thermal conduc-

tivities of multilayers increased with increasing periodic

thickness and decreased with increasing test temperature. The

thermal conductivities, �30 W mK�1, were less than the

values of bulk ruthenium [�116 W mK�1 (http://www.

azom.com/article.aspx?ArticleID=9275)] and polycrystalline

graphitic carbon [�80 W mK�1 (https://www.netzsch-thermal-

analysis.com/en/materials-applications/polymers /polycrystal-

line-graphite-thermal-conductivity)], but higher than previous

reports on amorphous carbon thin films (�1 W mK�1)

(Bullen et al., 2000). Thermal conductivity reduction may

result from the size and interface effects for ultra-thin films,

which is normally predicted by the semi-classical Boltzmann

transport equation (Chen, 1997; Feng et al., 2009; Lambro-

poulos et al., 1989). Regarding the entire multilayer as a

composite thin film, since the entire thickness is generally

larger than the phonon mean free path l of materials (normally

several angstroms to several hundred nanometers) and the

time scale of interest was much larger than the relaxation time

for phonons, the heat diffusion model can still be considered

valid (Belkerk et al., 2012). If using a simplified model of

effective thermal conductivity (Moorhead et al., 2010),

ND=’ ¼
P

i

di=’i;

where di is the ith layer thickness, the thermal conductivity

of each layer can be estimated within the range from

�17 W mK�1 to the bulk value. Based on an effective model

deduced from the Boltzmann transport equation by Alvarez &

Jou (2007),

’ ¼
’bulkðNDÞ2

2�2l 2
1þ 4

�l

ND

� �2
" #1=2

�1

8<
:

9=
;;

the calculated thermal conductivity is found to be very close to

our measured results when the phonon mean free path l is

about several tens of nanometers.

4. Conclusion

The thermal expansion and cross-plane thermal conductivity

of Ru/C multilayers with different periodic thicknesses were

measured by in situ grazing-incidence X-ray reflectometry and

the transient hot-wire method. The interfacial roughness

evolution with period number was determined by fitting XRR

curves. By combining X-ray diffuse scattering, the interfacial

roughness and interdiffusion were found to be strongly related

to the thickness of the ruthenium layer and its crystallinity at

different annealing temperatures. The thermal conductivity

reductions of Ru/C multilayers were found compared to both

the values of bulk materials. The phonon mean free path is

estimated based on Alvarez’s model. These studies are useful

for estimating the thermal distribution and thermal stability

for multilayer monochromators and other multilayer optics

without cooling systems.
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