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Ru/C multilayer monochromators with different periodic thicknesses were
investigated using X-ray grazing-incidence reflectivity, diffuse scattering, Bragg
imaging, morphology testing, efc. before and after cryogenic cooling.
Quantitative analyses enabled the determination of the key multilayer structural
parameters for samples with different periodic thicknesses, especially the
influence from the ruthenium crystallization. The results also reveal that the
basic structures and reflection performance keep stable after cryogenic cooling.
The low-temperature treatment smoothed the surfaces and interfaces and
changed the growth characteristic to a low-frequency surface figure. This study
helps with the understanding of the structure evolution of multilayer
monochromators during cryogenic cooling and presents sufficient experimental
proof for using cryogenically cooled multilayer monochromators in a high-
thermal-load undulator beamline.

1. Introduction

One of the main applications for X-ray multilayer mirrors is at
synchrotron radiation or free-electron laser facilities. Energy
selecting [monochromator (Hexemer et al., 2010), supermirror
(Erko et al., 1995)], amplitude or direction selecting [reflector,
beam splitter (Haga et al., 1998), focusing component (Kang et
al., 2008; Mimura et al., 2010)] and phase selecting [polarizer
(Wang et al., 2006) and chirped mirror (Schultze et al., 2007)]
are three important uses. In the hard X-ray region, a double-
crystal monochromator (DCM) has been widely used owing
to its excellent energy resolution of beyond 0.1%. But some
experiments pay more attention to high flux rather than high-
energy resolution such as X-ray fluorescence and full-field
imaging. To date, microprobe and nanoprobe beamlines have
been rapidly developed. In order to compensate the flux loss
during the process of focusing, it is meaningful to increase the
incident flux before the focusing component. A double
multilayer monochromator (DMM) can increase the inte-
grated intensity by about a factor of ten with broadened
bandwidth. A DCM and a DMM are always equipped for
alternate operation in so-called high-resolution mode and
high-throughput mode, respectively, and are present in many
beamlines such as the BMS5 and ID19 beamlines at the ESRF,
the 2-BM and 32-ID beamlines at the APS, the TOMCAT
beamline at the SLS and the BAM beamline at the BESSY-II.
Owing to a relatively low flux for the bending-magnet or
wiggler beamlines, water-cooling systems can serve well on
these DMMs. When the power density of thermal load at the
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first mirror is much larger than 1 W mm™2 on an undulator
beamline, a cryogenic cooling system is necessary to prevent
the mirror from serious thermal deformation and even stress-
driven film delamination. At present, only a few DMMs are
being used on the undulator beamline at PETRA-III (Schroer
et al., 2010). Lack of valid experimental data and experience
restricts beamline scientists to estimate the influences on
multilayer interfacial structure, internal stress and surface
figure from the process of cryogenic cooling. It is also difficult
to use a common heat conduction model or finite-element
analysis to estimate these influences owing to the size and
boundary effects of nanometre films (Cheaito et al., 2012). It is
worth considering the stability of the multilayer mirror when
its temperature decreases to ~80 K from room temperature
or its temperature returns to the room temperature rapidly
from low temperature.

The Ru/C (Stampanoni et al., 2006) or Ru/B,C (Cloetens et
al., 2002) pair is an ideal structure for a monochromator at the
photon energy range 10-20 keV. In this paper, several Ru/C
multilayer monochromators with different periodic thick-
nesses were characterized by hard X-ray grazing-incidence
reflectivity, diffuse scattering, X-ray Bragg imaging, laser
interferometer and atomic force microscopy (AFM) techni-
ques before and after cryogenic cooling with liquid nitrogen
(LN,) and compared systemically.

2. Experiments and methods
2.1. Sample

Six multilayer samples were deposited by DC magnetron
sputtering on silicon substrates with a size of 35 mm X
22.5 mm and a thickness of 0.75 mm at room temperature by
Incoatec GmbH, Germany. The target periodic thicknesses for
these samples are 3, 4 and 5 nm. The thickness ratios and the
period numbers for all samples are 0.5 and 100, respectively.

2.2. Experiment

All samples were measured by hard X-ray grazing-inci-
dence reflectivity (XRR), diffuse scattering (XDS) and high-
angle reflectivity at the X-ray diffraction beamline (BL14B1),
and by X-ray Bragg imaging at the hard X-ray micro-focusing
beamline (BL15U1) of the Shanghai Synchrotron Radiation
Facility (SSRF) before and after cryogenic cooling.

The SSRF was operated at a current of 240 mA at 3.5 GeV.
The energy was 10 keV during all measurements. BL14B1 is a
bending-magnet beamline. The energy resolution was ~1.5 x
10~* and the beam size at the sample was ~0.4 mm x 0.4 mm.
The reflectivity measurements operated with a 6-20 scan. The
diffuse scattering measurement operated using a rocking-
curve scan by fixing the detector (BEDE) and scanning inci-
dence angle.

The insert device of BL15U1l is an undulator with a
magnetic gap of 8.79 mm for an energy of 10 keV during the
experiments. The secondary source slit separation was 250 um
X 400 pum. The sample stage was ~6.01 m downstream of the
secondary source slit. The multilayer was rotated around the
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Figure 1
Temperature of the multilayer as a function of time during the
experiment.

axis normal direction to the ground. The rotation angle was
operated at the grazing-incidence region. The imaging detec-
tion system, which was placed 6.155 m behind the secondary
source slit, was a LuAG:Ce screen coupled with a microscope
objective lens (Navitar) to a digital CCD camera (Prosilica
Inc.). The gain was 2 and the exposure time was 0.1 s. The
sensor size was 1360 x 1024 pixels with a pixel size of
~0.9 um.

After the first measurements, all samples were soaked in
LN, and then taken out of the container until the LN, had
evaporated and the temperature of the samples had returned
to room temperature. The temperature was recorded using a
platinum resistance thermometer (TXY509). The change in
the temperature is shown in Fig. 1.

The stress of all multilayers was measured using a Zygo GPI
XP/D Fizeau interferometer by detecting the substrate
curvature. The surface roughness of all multilayers was
measured using a Veeco di Nanoscope atomic force micro-
scope.

2.3. X-ray reflectivity and diffuse scattering

The reflection from a periodic multilayer obeys the modi-
fied Bragg law by taking into account small deviations of the
refraction indices of layer materials. According to the posi-
tions of different Bragg reflection maxima, based on the
method of least squares, the periodic thickness can be calcu-
lated. The theoretical hard X-ray reflectivity curve as a func-
tion of grazing-incidence angle can be calculated based on
Parratt’s recurrence formula (Parratt, 1954). Because the
sample size was smaller than the beam footprint near the
critical angle, the intensity of the reflectivity curve was
corrected.

Interfacial roughness and interdiffusion deteriorate the
reflectivity curve in a similar way. X-ray diffuse scattering is
a direct technique for determining interfacial roughness. A
distorted-wave Born approximation (DWBA) model (Holy,
1994) is suitable for the situation of slightly rough interfaces.
The whole diffuse scattering signal (Stoev & Sakurai, 1997) is
represented by
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where I, is the incident flux, ¢ is the instrument parameter,
n; and o; are the complex refractive index and interfacial
roughness of the jth layer, respectively, ¢, and g, are the
wavevectors along and perpendicular to the sample surface in
reciprocal space, respectively, G}" are the four mutual products
of the transmitted and reflected waves [7; (or R;) and T (or
Ry)], and S(q,) is the structure factor

S0 = | Gu)cos (4.0) dx exp (<12~ Z41/8.). @)

where &, is the vertical correlation length (Pape et al., 1998)
and C(x) is the lateral correlation function which is based on
the self-affine characteristic of a rough interface (Sinha et al.,
1988),

Cul) =5 [G) + 0],
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where £ is the lateral correlation length and A is the fractal

exponent.

Particle swarm optimization (Poli et al., 2007) is an effective
tool for global optimization and was used to search for the
optimum structure parameters in a given constraint to realise
a good agreement between the experimental and theoretical
curves. Layer thickness, density and interfacial width can
be obtained by fitting a grazing-incidence reflectivity curve.
Further rocking-curve fitting that uses results from reflectivity-
curve fitting as known parameters can obtain more detailed
information including interfacial roughness, interdiffusion,
fractal exponent, lateral and vertical correlation lengths. The
time complexity for rocking-curve fitting was at least 32N
times of that for reflectivity-curve fitting, where N is the period
number for a multilayer. After a preliminary attempt, the
vertical correlation length was large enough so that its value
was fixed to be the total layer thickness, which decreases the
computational complexity. All optimization algorithms were
programmed using Fortran code.

2.4. Stress measurement

Laser interferometry was used to measure the deformation
of the silicon substrate. The stress of the multilayers can be
estimated by the well known Stoney equation (Stoney, 1909)

E d’1

T80 —v) d R’

where E is Young’s module (82 Gpa) and v is the Poisson ratio
(0.2) of the silicon substrate, d; is the thickness of the
substrate, d; is the thickness of the multilayer structure and R
is the radius of the substrate curvature.

3. Results and discussions

Six multilayers were measured using the X-ray grazing-inci-
dence reflectivity technique before and after cryogenic
cooling. As can be seen in Fig. 2 and Table 1, by using the
modified Bragg equation calculation the periodic thicknesses
were calculated accurately. Each layer thickness, layer density
and interfacial width was obtained by the curve-fitting method
based on a reasonable initial structure. There were discre-
pancies between the measured and fitting curves above 26 ~
7° because the intensities of the measured data became so low
that they could not be distinguished from the noise.

The interfacial widths for the Ru-on-C and C-on-Ru inter-
faces were ~0.31nm and ~0.36 nm, respectively, before
cryogenic cooling and then decreased to ~0.29 and ~0.31 nm.
There was no apparent link between interfacial width and
periodic thickness. The density of the ruthenium layers was
close to that of bulk ruthenium.

The diffuse scattering technique afforded more structure
information about the Ru/C multilayers. In order to improve
the precision of the analysis, rocking-curve scans near
different Bragg maxima were simultaneously fitted, as can be
seen in Fig. 3 and Table 2. The interfacial width obtained by
XRR can be separated into two parts, i.e. interfacial roughness
and interdiffusion, by fitting the curves of the rocking-curve
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Figure 2

X-ray grazing-incidence reflectivity (black filled circles) and fitted
(colored curves) curves for the Ru/C multilayers before (a) and after
(b) cryogenic cooling.
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Table 1
Fitted structural parameters for the Ru/C multilayers before and after cryogenic cooling.
Cryogenic  Periodic Thickness Interfacial Density
cooling thickness (nm)  Material ~ (nm) width (nm) (% bulk)
S1  Before 3.01 £0.01 Ru 146 £0.02 039+£005 99.81+1.12
C 1.55£0.04 029=£0.03 89.40 +4.98
After 3.01 £0.01 Ru 146 £0.01 034+£003 99.78 + 3.08
C 1.55+0.02 027+0.04 99.07 £2.97
S2  Before 3.01 £ 0.01 Ru 145£0.02 039£005 99.89 +3.10
C 1.55£0.03 034+£004 90.75+7.19
After 3.01 £0.01 Ru 146 £0.03 0354+0.02 9141 +6.11
C 1.55£0.03 036=£0.03 88.36+4.10
S3  Before 4.08 £ 0.01 Ru 2.06+£0.04 039+£0.04 9799 £3.16
C 2.00+0.03 036+£0.03 89.08 +5.01
After 4.08 +0.01 Ru 2.06+0.02 0394+0.04 99.97 £3.10
C 1.99+£0.03 0324+0.04 11799 £9.11
S4  Before 4,07 £0.01 Ru 207+£0.02 033£0.03 97.69 +2.08
C 1.99£0.03 033£005 9513+3.14
After 4.08 £ 0.01 Ru 207+£0.03 031+£0.04 9991 +£4.01
C 1.99£0.03 032£003 9297 +3.17
S5  Before 5.02 +£0.01 Ru 2594+0.03 037+0.05 8844 +6.15
C 2424+0.02 030+£0.03 94.78 £+ 4.09
After 5.01 +£0.01 Ru 258+0.03 0324+0.04 99.98£1.76
C 2424+0.02 025+0.02 9241 +3.05
S6  Before 5.02 £0.01 Ru 2.60+£0.03 029+£0.04 99.79+133
C 242+0.03 0241003 89.22+£6.14
After 5.02 £0.01 Ru 260+0.02 025+£0.03 9647 +£3.12
C 240+£0.03 024=£0.04 87.96+2.88
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Figure 3
Rocking-curve scans near the first and the second Bragg maxima (black Figure 4

filled circles) and their fitted curves (colored curves) for the Ru/C

multilayers before (@) and after (b) cryogenic cooling.
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scans. The interdiffusions were similar at the
Ru-on-C and C-on-Ru interfaces but the inter-
facial roughness at the C-on-Ru interface was
larger. The low temperature smoothed the
interfaces but had no clear influence on inter-
diffusion. The fractal exponents of the carbon
layers were ~0.6 for all samples while the
fractal exponents of the ruthenium layer
increased with periodic thickness from ~0.45
to ~0.7. The lateral correlation length of the
ruthenium layers increased from ~52.6 nm
to ~85.2 nm while that of the carbon layers
increased from ~7.7nm to ~10.4 nm with
periodic thickness. The lateral correlation
length of the ruthenium layers was found to
decrease while that of the carbon layers
increased after cryogenic cooling. AFM (Fig. 4)
was used to measure the surface roughness of
S1, S3 and S5 at a scan range of 5 pm X 5 um.
Although AFM works at a different spatial
frequency from X-ray techniques, it was found
that cryogenic cooling slightly decreased the
surface roughness as well.

- -

(

a)

®)

Surface roughness of S1 measured using AFM before (a) and after (b)
cryogenic cooling.
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Table 2
Characterization results of Ru/C multilayers using the X-ray diffuse scattering technique and AFM before and after cryogenic cooling.
Interfacial Lateral Vertical Surface
Cryogenic roughness Interdiffusion Fractal correlation correlation roughness
cooling Material (nm) (nm) exponent length (nm) length (nm) by AFM (nm)
S1 Before Ru 0.35 +£0.03 0.17 £0.08 0.43 +£0.01 52.06 £ 16.11 300 0.17 £ 0.01
C 0.24 +£0.05 0.16 +0.08 0.66 £ 0.01 8.61 +2.07
After Ru 0.31 £ 0.07 0.14 £ 0.10 0.36 = 0.01 43.92 +£11.82 300 0.15 +0.02
C 0.22 +0.03 0.16 £ 0.07 0.70 £ 0.01 9.54 £2.16
S2 Before Ru 0.35 £ 0.06 0.17 £0.11 0.47 £ 0.01 53.12 +£13.94 300 -
C 0.27 £0.03 0.21 £ 0.07 0.55 £0.02 6.80 +3.17
After Ru 0.29 £+ 0.05 0.20 £ 0.07 0.46 = 0.02 47.10 £9.92 300 -
C 0.24 £ 0.04 0.24 £ 0.07 0.58 £0.01 8.49 +2.78
S3 Before Ru 0.31 +£0.03 0.24 £ 0.07 0.50 = 0.01 78.33 £11.7 400 0.14 £ 0.02
C 0.27 £ 0.03 0.24 £ 0.06 0.73 £ 0.02 7.92 +£2.11
After Ru 0.33 £0.04 0.21 +0.08 0.50 £ 0.02 71.35 +13.26 400 0.13+£0.01
C 0.24 +0.03 0.21 £0.07 0.62 £+ 0.01 10.01 £ 3.04
S4 Before Ru 0.27 £ 0.05 0.19 £0.08 0.58 +0.01 74.51 £ 9.04 400 -
C 0.22 £ 0.04 0.24 £ 0.09 0.64 = 0.01 9.59 £+ 4.86
After Ru 0.25 £ 0.04 0.18 £0.08 0.50 £ 0.01 82.00 £ 10.54 400 -
C 0.21 +£0.04 0.25 +£0.07 0.64 £+ 0.02 10.57 £2.35
S5 Before Ru 0.33 £ 0.03 0.17 £0.08 0.63 = 0.01 87.39 & 14.09 500 0.16 4= 0.02
C 0.19 £ 0.02 0.23 £ 0.05 0.55 +£0.02 11.11 £2.41
After Ru 0.28 +0.03 0.15 £ 0.07 0.64 £+ 0.01 86.83 £ 11.72 500 0.15 +£0.01
C 0.18 £0.02 0.17 £ 0.04 0.59 £0.01 12.24 £+ 3.64
S6 Before Ru 0.21 £0.02 0.2 +0.06 0.79 £ 0.02 82.91 £+ 10.05 500 -
C 0.13 +£0.02 0.2 £0.05 0.67 £0.02 9.61 +3.33
After Ru 0.17 £ 0.02 0.18 £ 0.05 0.72 £ 0.01 90.25 £ 12.96 500 -
C 0.12 £ 0.02 0.21 £ 0.06 0.66 £ 0.02 10.84 £1.97
Fig. 5 reveals that there were Ru (101) crystalline phases in Table 3

the multilayers. By increasing the thickness of the ruthenium
layer, the amorphous ruthenium layer gradually transformed
into a crystalline state. Based on the Scherrer equation
(Patterson, 1939), the size of the Ru (101) crystals in the layer
can be estimated. For samples S1, S3 and S5 the particle sizes
were 1.27, 1.48 and 1.62 nm, respectively. The size difference
was related to the change of the fractal exponent and the
lateral correlation length. Because of the long-range disorder
for the amorphous carbon layers, the fractal exponent almost
remained constant. After cryogenic cooling, the crystalline
states did not change for all samples.

As can be seen in Table 3, stress measurements reveal that,
when the periodic thickness was 3 nm, the internal stress was
tensile stress and changed to compressive stress with
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Figure 5
Ru (101) crystallographic planes measured by X-ray high-angle
reflectivity for multilayers with different periodic thicknesses.

Stress change for Ru/C multilayers before and after cryogenic cooling.

Stress before
cryogenic cooling

Stress after
cryogenic cooling

Sample (MPa) (MPa)

S1 382.24 £ 0.01 447.33 £0.02
S2 225.77 £ 0.01 24542 +0.05
S3 —700.01 % 0.08 —681.79 £ 0.07
S4 —1180.52 £ 0.10 —1007.60 £ 0.06
S5 —818.63 + 0.08 —728.10 £ 0.07
S6 —1044.18 £ 0.04 —978.66 + 0.07

increasing periodic thickness. This may be a result of the
ruthenium crystalline state. After cryogenic cooling, the stress
in the multilayer slightly increased. By combining the data
extracted from XRR and XDS, it was found that the stress
increase relates to the interface smoothing process. The
structure did not recover totally with the temperature
returning to room temperature. The contraction of the
multilayer stack is more obvious than in the substrate after the
whole process, resulting in increasing stress in the multilayer.
This process did not generate any phase transition but
decreased the spacing of the deposited island or columnar
structure of the multilayer, leading to a smoothing of the
interfaces.

Fig. 6 shows the first Bragg reflection imaging of samples
S1, S3 and S5 before and after cryogenic cooling. The Bragg
angles are 1.216°, 0.926° and 0.756°, respectively, with an
accuracy of 0.002°. The brightness of the imaging is propor-
tional to the reflectivity. The reflectivities before and after
cryogenic cooling are almost unchanged. Clear interference
stripes can be found especially along the tangential direction.
The distribution of the interference stripes is related to the
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Figure 6
Reflection imaging of S1, S3 and S5 before and after cryogenic cooling.

phase errors resulting from the slope error of the mirror
(Mimura et al., 2004; Rommeveaux & Souvorov, 1999). The
multi-resolution approach, one of the most important tech-
niques in wavelet analysis, can be used to decompose the
intensity profile into different levels including an approximate
signal and several detailed signals with different spatial
frequencies, localized in both the space and frequency regions.

At each level, the signal which is the approximated signal of
the last level can be separated into a new approximated signal
and a detailed signal with half of the spatial frequency range.
Fig. 7 demonstrates the decomposition of the reflected
intensity profiles before and after cryogenic cooling of S5
using a multi-resolution approach with five levels. Relating the
intensity profiles on the screen to the multilayer surface, the
detailed signals (Detail 1 and 2 in Fig. 7) with frequency of
357.3-1428.57 pm ™' before and after cryogenic cooling were
in good agreement. The detailed signals (Detail 3 and 4) with
frequency of 89.4-357.3 um™' before and after cryogenic
cooling have similar amplitudes but weak correlation. The
low-frequency signals (Detail 5 and Approximation) with
frequency of <89.4um™' after cryogenic cooling have
decreased amplitudes and keep a strong correlation. The
results reveal that the high-frequency signals contributed by
the layer growth kept stable and the low-frequency signals
from the surface figure decreased during the temperature
change, which proves the analysis by X-ray scattering and
stress measurement that the cryogenic cooling did not change
the chemical characteristics of the multilayers but changed the
figure error and stress. The decrease of the interfacial rough-
ness was mainly reflected in the low-frequency region.

4. Conclusions

In order to study the low-temperature properties of key
Ru/C multilayer monochromators for synchrotron radiation,
X-ray grazing-incidence reflectivity, diffuse scattering, Bragg
imaging and morphology testing were used to characterize the
multilayer structure with different periodic thicknesses
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Figure 7

Multi-resolution wavelet decomposition for the beam spots of S5 before and after cryogenic cooling.

1384

Hui Jiang et al. -

Properties of Ru/C multilayer monochromators

J. Synchrotron Rad. (2015). 22, 1379-1385



research papers

synthetically, including information of the layer thickness,
density, interfacial roughness, interdiffusion, correlation
length, internal stress, etc. After cryogenic cooling, the basic
structure parameters kept stable and the interfaces tended
to be smooth due to internal stress change. At-wavelength
reflection performances were maintained as well. This study
affords strong support for the use of Ru/C multilayer mono-
chromators safely in the cryogenic cooling environment.
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