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a b s t r a c t
Sputtered W/B4 C multilayers were determined by X-ray photoelectron spectroscopy, Raman scattering spectroscopy, scanning electron microscopy and atomic force microscopy synthetically. Two defect
modes were observed in multilayers: buckle delamination and oxidation. This paper compares the
chemical composition varies along multilayer depth and at different regions and tries to interpret the
mechanism of defect evolution. The X-ray grazing incidence reﬂection proﬁles were compared to the
theoretical value to estimate the inﬂuences from different defects.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
As a kind of artiﬁcial one-dimensional crystal, multilayer ﬁlls a
gap in realizing high near-normal incidence reﬂectivity in EUV and
soft X-ray regions. Multilayer has been paid more and more attention in recent years and therefore has comprehensive and effective
applications in EUV lithography [1], astronomical observation [2],
synchrotron radiation [3], plasma diagnosis [4], etc.
B4 C-based multilayer is one of important material pairs especially in hard X-ray region [5]. Recent studies of B4 C-based
multilayers were focused on how to improve their optical or stress
performances [3,6]. As a consumable optics, the structural stabilities of multilayers in extreme heat [7,8] or radiation environment
[9] were studied so much. But there is still a lack of knowledge about
the l aging effect, viz., the long-term structural stability during
storage and usage [10]. Aging effects normally evolve slowly, but
intrinsic defects in multilayer or substrate resulting from fabrication and humid or instable environment may speed up this process.
Main forms of aging effects include surface damage, oxidation,
interdiffusion, delamination, etc. They may make optical performances of multilayers degrade drastically. Due to time assuming and
high expense for replacing multilayers, it is meaningful to reveal
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the mechanism and process of defect evolution and estimate the
inﬂuences on the optical performances from various defects.
High-quality ﬁlms require low stress, high density and good
adhesion so that any loss of these parameters may induce defects.
The distribution of defects was as a function of the thickness and
roughness of the ﬁlms [11]. The evolution of crack density in W
ﬁlms were found corresponding to the crack saturation of the coating, appeared to vary inversely with coating thickness. The critical
parameters were the strain energy release rate and the fracture
toughness [12]. The propagation velocities of delamination and
pattern of ﬁlm buckles were proven to depend on humidity of
environment. Very high compressive stresses arise due to water
penetration into ﬁlm. The main inﬂuences are the chemical reaction of water and ﬁlm adherence loss [13]. Microvoids occurring
in ﬁlms during deposition were also regarded to produce stresses.
The relaxing of stresses and disappearance of microvoids continuously increase the curvature of the ﬁlm-substrate system until the
ﬁlm cracks [14]. Hydrogen was found to produce a volume expansion and introduce high compressive stresses up to several Gpa.
Hydrogen ﬁlls the open volume defects at grain boundaries and at
last buckling structures occur by release these stresses [15]. Coupeau [16] used atomic force microscopy to study the morphological
shape of thin ﬁlm buckling. Atoll-like, dendrite-like and brain-like
structures were found around and above blister structure resulting
from high local heterogeneous stresses.
In the work reported here, different modes of defects in
W/B4 C multilayers deposited by direct current (DC) magnetron
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The sputtered area on the sample was 1 mm × 1 mm. Two regions
at S2 and one region at S3 were measured. Two regions at S2 were
respectively for the surface damage and undamaged region. In situ
measurements were carried at Ar ion etching of 0, 10 (S2), 20, 40,
100 (S3), 160, 280, 460 and 700 (S3) seconds. For each test point, a
wide-spectrum scan and 6 narrow-spectrum scans were measured
for W 4f, B 1s, C 1s, Ar 2p, O 1s and N 1s.
2.4. Raman spectrometry
The Raman spectra of multilayers were recorded using a Raman
spectrometer (HORIBA LabRAM HR Evolution) with 473 nm solid
state laser (Spectra-Physics) excitation in an Olympus microscopy
with a×50LWD objective, which allows the signal collected from
an area with the diameter of 2 m. The line density of grating was
1800 gr/mm, the exposure time was 3 s, and the acquisition resolution was 0.7 cm−1 . Different surface damages regions for three
samples were detected.

Fig. 1. The measured grazing incidence reﬂectivity curves (dot) and their ﬁtting
curves (line).

2.5. Synchrotron hard X-ray reﬂection Imaging

sputtering were investigated by a variety of experiments. The
morphology and chemical characteristic were determined and the
mechanism of these defects was discussed.

Synchrotron radiation measurements were carried out at the
hard X-ray micro-focusing beamline (BL15U1) of Shanghai Synchrotron Radiation Facility (SSRF). The energy of X-rays was 10 keV
and undulator magnetic gap was 8.79. The secondary source slit
with the size of 250 m × 400 m was placed 34 m downstream of
the undulator source. The sample stage was ∼6.01 m downstream
of the secondary source slit. The multilayer was rotated in X–Y
plane. The rotation angle was operated at the grazing incidence
region. The imaging detection system which was placed 6.155 m
behind the secondary source slit, was the LuAG:Ce screen coupled
by a microscope objective lens (Navitar) to a digital CCD camera
(Prosilica Inc.). The gain was 5 and the exposure time was 0.03 s for
direct beam, 0.05 s for S1 and S3 and 0.15 s for S2. The sensor was
1360 × 1024 and the size of each pixel was ∼0.9 m.

2. Experiments
2.1. Fabrication
Three multilayer samples were deposited by DC magnetron
sputtering on 30 mm × 20 mm silicon wafer substrates at room
temperature. The base vacuum was 1.8 × 10−4 Pa and the argon
gas pressure was 0.4 Pa. The sputtering powers for the W and B4 C
targets were 20 W and 80 W, respectively. The target-to-substrate
distance was 100 mm. The layer thicknesses of multilayers were
determined by using a small angle X-ray diffractometer using the
Cu K␣ line (8048 eV), as can be seen in Fig. 1 and Table 1. All multilayers were stored in a dry cabinet with ∼26 ◦ C and ∼28%RH.
The various surface damages occurred on three multilayers in the
following four months.

3. Results and discussion
3.1. Morphology

2.2. Morphology
Optical microscopy (LEICA M205C) enables to observe the surface status of multilayers roughly. S1 and S3 had the similar surface
defects which looked like relatively uniform spots. The defect mode
of S2 was different. Most of the surface of S2 turned white and lost
its specular luster, as can be seen in Fig. 2(a). With a greater magniﬁcation observation (Fig. 2(b)), the detail of these defects can be
distinguished. The defects of S1 and S3 were detached and buckling, while the defects of S2 were tiny and of tight distribution.
Statistics reveal that the defect densities in S1 and S3 were respectively ∼67 mm−2 and ∼292 mm−2 . The diameter of defects was
from 10 to 40 m, while the scale of the defects in S2 was smaller
than 1 m. The bottom of Fig. 3 presents the observation of S2
and S3 using SEM. Clear porous structures were found in S2 which
produced large surface roughness. A typical atoll-like buckling of
multilayer was found at S3 surface. One of this kind of structure
was also measured by AFM (Nanonavi E-Sweep SII) with the size of
82 m × 82 m, as can be seen Fig. 4(a). The height of the central
bister in atoll-like structure is about 0.2–0.3 m and the diameter

Field emission scanning electron microscope (SEM) (JEOL JSM6700F) was used to determine the detail of the surface damages
of S2 and S3. The working pressure was ∼4.4 × 10−4 pa and the
accelerating voltage was 10 kV. The magniﬁcation was chosen to
be from 1000× to 10,000×.
2.3. X-ray photoelectron spectrometry
The chemical composition of the multilayers was measured by
X-ray photoelectron spectroscopy (XPS) (Kratos AXIS Ultra spectrometer) using Al K␣ (1486.6 eV) X-rays. The elliptical spot size on
the sample was 300 m × 700 m. The direction of analyzer was
normal to the sample surface and that of X-ray beam was 45◦ . The
base pressure was 2.6 × 10−7 Pa. Sputter etching of the sample surface was achieved by 4 keV Ar ion bombardment (3.8 kV, 20 mA) at
45◦ incidence in relation to the sample surface. The removal rate
for W layer is ∼2 nm/min. The working pressure was 3.9 × 10−6 Pa.
Table 1
The prepared W/B4 C multilayers using DC magnetron sputtering.
W/B4 C No.

Period

Periodic thickness (nm)

Thickness of W (nm)

Thickness of B4 C (nm)

Mean roughness (nm)

Surface damage after 4 months

S1
S2
S3

10
10
10

7.11
5.38
7.62

2.52
2.35
4.50

4.59
2.96
3.13

1.09
0.97
1.11

Sparse defects
Turn white
Dense defects
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Fig. 2. Surface defect status observed by optical microscopy with the magniﬁcations of 12.4× (a) and 157× (b).

Fig. 3. The surface damages of S2 and S3 observed by SEM respectively with the magniﬁcations of 10000× and 1000× (bottom); the different regions observed by Olympus
microscope with the magniﬁcation of 560× in three samples detected by Raman spectrometry: S1 (upper), S2 (central left) and S3 (central right). The green points are the
positions of laser incidence.
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Fig. 4. One defect in S3 measured by AFM (a) and line proﬁles (b).

is about 40% of whole defect structure (Fig. 4(b)). The around atolllike structure has the similar height to central bister and the width
of up to 5 m. The height of central bister and atoll-like structure
is much larger than the overall thickness of multilayer.

3.2. X-ray photoelectron spectrometry
S2 and S3 were used to study the variation of atomic concentration and bond state with depth proﬁle. There were two test
positions chosen for S2, respectively in the surface damaged and
undamaged regions. According to a wide-spectrum scan, near the
surface region, tungsten, carbon, oxygen, nitrogen and argon atoms
can be found. With the further etching, the information from B4 C
layer can be collected. The hydrogen near the surface cannot be
detected by XPS.
Because the Ar 2p peaks were inﬂuenced by strong W 4d peaks,
the concentration of Ar was hard to be estimated. Based on the
previous study [17], about 2–2.5 at.% of Ar was mixed into ﬁlms
during the deposition except that the part of Ar was from etching. At the surface, three peaks respectively at 284.7, 286.2 and
288.6 eV in the binding energy curve were observed, which were
due to adventitious carbon contaminations. These three peaks suggest C C, C O C and O C O states respectively [18]. After 20 s
etching, the state at 282.7 eV appeared and above-mentioned states
disappeared. This state was accompanied by the emergence of
boron, which meant that they arose from B4 C layer under the W
layer. The concentrations of oxygen and nitrogen decreased versus
the depth. They were from the oxides and nitrides introduced in
the fabrication and storage. Nitrogen was detected beyond 10 at.%
at the surface of all samples but it disappeared after 20 s etching
for S3 and the undamaged region of S2. For the region with surface damages of S2, beyond 1 at.% nitrogen was detected even after
460 s etching. The chemical states were different between the surface and in the ﬁlm. Near the surface, two states of ∼399 eV and
∼402 eV were found in the N 1s spectrum. They should be from
the organic pollutions. But in the ﬁlm, there was only one state
at ∼397 eV from tungsten nitrides. The concentration of oxygen
was far more than that of nitrogen. The concentrations of oxygen
atoms of different samples can be found in Fig. 5. The concentrations
of oxygen decreased with increasing etch depth. The concentrations were similar for S3 and undamaged region of S2 but the
concentration of oxygen for damaged region of S2 was at least
10 at.% more. The strong ﬂuctuations of the oxygen content for S3
versus etch time from 40 to 300 s may result from nonuniform or

Fig. 5. The concentrations of oxygen atoms vary with etch time for S2 and S3.

nondifferentiable distribution of thin ﬁlm due to large and relatively irregular surface defects in the etched area of S3.
In order to study the origin of oxygen atoms, the W 4f and O
1s spectrums versus etch time were compared. As can be seen in
Fig. 6(a), the chemical states of W at surface were very different
with the states in the ﬁlm. Fig. 6(b) presents the sudden changes
of the chemical states of O when the etch time was 10 s and 160 s.
The spectrum curve of each element can be ﬁtted accurately by
using Gauss-type peaks and Shirley-type background, which helps
to determine the concentration of various chemical states. Fig. 7
presents the analyses of binding energy curves of the W 4f spectra
at surface and after 460 s etching for the damaged region of S2. Near
the surface, the metallic state W was determined by consisting of
two doublets: one at 31.0 eV for the W 4f5/2 and 33.1 eV for the W
4f7/2, while the oxidation state WO3 consisted of the doublets at
35.5 eV for the W 4f5/2, 37.7 eV for the W 4f7/2 and 41.6 eV for the
W 5p3/2. With etch depth increasing, the oxidation state decreased
and binding energy moved to the region of low energy (Fig. 6(a)),
which meant that more transition oxidation states rather than complete oxidation state occurred in the process of etching. Comparing
the O 1s spectrums, the oxidation state with the binding energy of
∼530.3 eV keep occurring. Only near the surface, the organic states
can be detected at ∼532 eV. After 160 s etching, a new oxidation
state was observed at 532.5 eV. Comparing to the concentration of
other elements, it should be from boron oxide. Fig. 8 shows that the
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Fig. 6. The W 4f (a) and O 1s (b) spectrums vary with etch time for the damaged region of S2.

Fig. 7. Measured W 4f spectrums and ﬁtted results at surface (a) and after 460 s etching (b) for the damaged region of S2.

Fig. 9. Raman spectra of three multilayers at different regions.
Fig. 8. The proportion of the tungsten oxidation states in the W 4f spectrum for S2
and S3.

proportion of the tungsten oxide states in tungsten for S2 and S3. It
reveals that the oxidation was very serious even in the interior ﬁlm
of the damaged region of S2, but the defects in S3 had no relation
with oxidation.
3.3. Raman spectrometry
Raman spectra of three multilayers at different regions (Fig. 3)
are shown in Fig. 9. The band at ∼188 cm−1 , appearing at any region

in all multilayers, originates from a mixture of the two phases
(monoclinic (␥-phase) and triclinic (␦-phase)) of WO3 [19]. The
band at the frequencies of 250–380 cm−1 showed O W O bending
vibration mode [20]. The ﬁrst order Raman line of c-Si substrate
[21] at ∼520 cm−1 was only found in the thinnest multilayer S2
due to blue light penetration into substrate. The bands at ∼689 and
∼802 cm−1 appeared at the most of regions except S2-1 and S3-2
regions in Fig. 3. These regions included serious bister, pit or buckling defects, which can be interpreted as W O stretching modes
[19,20]. The band at ∼960 cm−1 was only detected in S2, which

H. Jiang et al. / Applied Surface Science 357 (2015) 1180–1186

1185

Fig. 10. Direct beam and reﬂection spots of three multilayers.

suggests stretching mode of W O double bonds on the boundaries
of crystals [19]. This band may indicate a high surface-to-volume
ratio corresponding to a porous structure at S2 surface.
Relating to the XPS measurements, the porous structure was
proved to occur even in the interior layer. The oxide-induced
microvoids or water vapor reaction leaded to strong oxidation,
which expanded volume and produced compressive stress. This
oxidation binding was proved stronger than surface oxidation. This
kind of microvoid structure was easier to be oxide than normal
dense thin ﬁlm after being stored into atmosphere. Because it
is impossible to oxide a dense thin ﬁlm so seriously in interior
layer, these porous structures were suggested to exist in S2 during
the deposition by magnetron sputtering. Once the island structure
for W layer and columnar structure for B4 C layer became loosely
packed, oxygen atoms were easily introduced among these island
or columnar structures rather than the interior structures [17,22].
This speculation agreed with the Raman measurement abovementioned why the band at ∼960 cm−1 suggesting W O double bonds
on the boundaries of crystals could be only found in the S2.
The mechanism of buckling-driven delamination was very different. Because the height of the defects was far more than overall
multilayer thickness and the size of defects became larger gradually, the defects were not derived from the multilayer itself. The
source of the defects is probably only the contamination or imperfections on the substrate surface. Whatever the case, they produced
local heterogeneous stresses. The multilayer grew layer by layer by

partially replicating the proﬁle of contamination or imperfections
[23]. After multilayer being stored into atmosphere, the intrinsic
stresses gradually released until a stress balance to be obtained.
Stress made multilayer detach from the substrate locally to produce
bister, pit, buckling structures and even cracks like the situations
presented by previous studies [14,16].
3.4. Synchrotron hard X-ray reﬂection imaging
Optical measurement is the important way to directly reﬂect
whether the multilayers have been failed. Fig. 10 clearly records
the direct beam spot and the 1st Bragg reﬂected beam spots of
various multilayers. If the intensity is not close to the saturation
value, the intensity recorded by CCD camera is directly proportional to the transmission intensity via the screen. Fig. 11 shows
the intensity proﬁles of the spots along tangential (X) and sagittal (Z) directions. The direct beam proﬁle was relatively uniform
along the sagittal direction and almost satisﬁed a Gaussian distribution along the tangential direction. Because of the similar periodic
thickness, the ideal reﬂectivities without interfacial roughness are
very close. The theoretical reﬂectivity for S2 based on the structure
measured by XRD just after deposition was smaller than S1 and S3
due to more inﬂuences on the reﬂectivity by a Debye–Waller factor
exp(−82 sin2  2 /2 ) [24], where  is the grazing incidence angle,
 is the interfacial roughness and  is the wavelength of X-rays.
After 4 months storage, the reﬂectivity of S3 was about 11% lower

Fig. 11. Comparison of intensity proﬁles of direct and reﬂected beams along X (a) and Z directions (b).
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Table 2
Comparison of the experimental results to the theoretical values in the reﬂection imaging experiments.
W/B4 C No.

Theoretical 1st Bragg
angle (deg)

Experimental 1st Bragg
angle (deg)

Theoretical reﬂectivity (%)

Ideal reﬂectivity
without roughness (%)

Measured reﬂectivity (%)

S1
S2
S3

0.56
0.73
0.56

0.57
0.74
0.55

68
38
72

86
73
80

46
15
35

than that of S1, as can be seen in Table 2, due to more surface defects.
The reﬂectivity of S2 reduced beyond half as well. Considering the
different inﬂuence from Debye-Waller factor, in fact, S2 remained
more reﬂection performances than S3 after longtime storage. The
tangential beam fringe directly relates to the surface ﬁgure [25].
Comparing their beam spots, the spot reﬂected from S3 had more
intensity ﬂuctuation and became narrow especially along the tangential direction.
4. Conclusion
A group of W/B4 C multilayer samples were measured by X-ray
photoelectron spectroscopy and Raman scattering spectroscopy.
Different defects presented different chemical composition and
bindings. Combined to the morphology tests, two kinds of defects
were determined, respectively, the oxidation into interior layers
and buckle delamination. The interior oxidation was suggested
from the deposition, oxide atoms were mainly introduced between
the loose island and columnar structure. The chemical bindings
were not changed obviously in buckling-driven delamination.
Based on the scale and form of delamination, it was suggested from
the localized substrate contaminations. The 1st Bragg reﬂection
imaging compared the inﬂuences from the different defects on the
optical performance. The study is meaningful to evaluate the multilayer quality and service lifetime and improve the preparation
process and storage environment.
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