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Partial nitridation of W/Si multilayer systems with a nm period was investigated in an attempt to reduce
optically unfavorable tungsten silicide formation in the systems. Nitridation was applied directly after the
deposition of every Si layer by exposing the Si surfaces to reactive nitrogen species from an ion source. As a result
the formation of substantially sharper interfaces and a reduction in the silicide formation were observed in the
systems. However, the passivation treatment caused a pronounced reduction in the X-ray reflectivity at 0.84 nm
wavelength because of deep nitrogen penetration in the Si layers. This reduced the optical contrast between the
reflector and spacer layer, which compensated the effect of the improved interface profile.

1. Introduction
W/Si short-period multilayer systems (of about 2.5 nm) are widely
used in X-ray fluorescence (XRF) applications to achieve a high reflec
tivity in the wavelength range 0.84 nm–2.4 nm, which corresponds to
spectral lines of O Kα to Al Kα. The advantage of using multilayer mirrors
is the ability to tune them to a specific wavelength required for a specific
task. The shorter periods allow for a larger angular distance between the
spectral peaks, which is beneficial for the analysis in XRF applications as
it prevents overlapping of the peaks of interest. However, the shortperiod W/Si multilayer systems have limited reflectivity, which limits
the sensitivity of XRF analysis. Currently the highest achieved reflec
tivity at 0.84 nm for W/Si is 40%, while the theoretical reflectivity is
60% for an ideal system that presumes no interfacial roughness or
interdiffusion [1]. Roughness has significant effect on the optical
contrast and therefore the reflectivity of these short-period multilayers.
However, recent attempts to reduce it to below the currently achieved
level of about 0.3 nm was not successful [1]. Interdiffusion is another
factor that significantly reduces the reflectivity in short-period multi
layers. It was found that a tungsten silicide compound is formed in W/Si
multilayers that reduces the optical contrast considerably [1,2]. The
preliminary research revealed that the W-on-Si interface was proven to
be significantly broader than the Si-on-W interface [3]. Therefore,
research is needed on the improvement of the W-on-Si interface in the
first place. In this work we used passivation of the Si layer surface with

nitrogen as one of the possible solutions to prevent chemical interaction
between the two materials. Passivation is used in many applications to
prevent unwanted compound formations. In microelectronics passiv
ation is used to improve lifetime and quality of elements, while in
thin-film transistors it is used to create barrier layers preventing
chemical interactions [4–6]. In X-ray optics, the definition of the layer
materials was efficiently improved, for example, by nitridation of every
La layer, as in La/B multilayers [7–9]. Other examples of a successful
nitridation was shown for Ru/B4C, Pd/B4C and Co/C multilayer systems
[10–14]. A Si3N4 compound could be used to prevent W-Si interaction,
while nitridation of Si was reported before in [15–17]. The nitridation
was implemented by reactive sputtering of Si or Si3N4 in N2 or applying
ion assisted deposition using an ion source supplied with N2. These
studies were devoted to the passivation of the entire Si layer to obtain
silicon nitride. However, for our application of W/Si at 0.84–2.4 nm,
passivation of the entire Si layer is optically unfavorable. To avoid
reflectivity loss in our case the thickness of Si3N4 at the W-on-Si interface
should not exceed 0.3 nm. For this reason, in this work an attempt was
made to nitridate only the surface of the Si layers by post deposition low
energy ion treatment and to avoid full nitridation of the Si layers.
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2. Experimental

Table 1
XRR measurement configuration.

2.1. Multilayer deposition
The multilayer mirrors were deposited on super-polished silicon
wafers of 25 mm × 25 mm (root mean square roughness of about 0.14
nm) using DC magnetron sputtering in a system with a base pressure of
1 × 10− 7 Pa. Ar gas was used as a working gas at a pressure of about 1 ×
10− 1 Pa (Ar flow of 26 sccm). Depositions were performed at a power of
84 W for W and 213 W for Si. Tungsten was deposited with a low power
in order to have a better control on thickness. Deposition rates were
0.075 nm/s and 0.02 nm/s for Si and W, respectively. An ion source was
used for passivation of the Si layers. The ion source was fed with Ar (flow
of 14 sccm) and N2 (flow of 7 sccm). The ion source was mounted at 60
degrees to the substrate at a distance of 70 cm. The following parameters
were used: ion beam voltage of 60 eV, and ion current of 120 mA. The
multilayer mirrors had a period of 2.5 nm and a gamma value (Г = dW/
dW + dSi) Г = 0.12. The thickness of the Si capping layer was the same as
in the entire multilayer stack dSi = 2.2 nm. The main set of the experi
mental multilayers consisted of 50 periods as it allowed for analysis that
is more accurate. A selected number of multilayers consisted of 200
periods in order to achieve the maximum reflectivity. To avoid oxidation
of the surfaces after exposure to the air, every mirror was finished with a
Si layer with the same thickness as inside the stack. Uniformity of the
deposition and ion treatment was achieved by rotating the holder with
substrates at 60 rpm during the entire deposition process. Configuration
of the set-up is described elsewhere [18].

Range, deg.

Step size, deg.

Accumulation time per point, s.

0.1–1.32
1.32–2.8
2.8–8

0.004
0.005
0.008

3.5
4.4
8.8

measured as a function of the X-ray angle of incidence on the sample. To
capture these signals, we have equipped the diffractometer with an
Amptek energy dispersive XR-100SDD Silicon Drift Detector. Only the
angular range corresponding to the first Bragg peak was scanned since
for larger angles fluorescence modulation could not be detected in the
used measurement setup. The measurements were performed with an
angular step of 0.0025 degree around the Bragg peak and 0.005 degrees
outside the Bragg peak. To accumulate a sufficient number of fluores
cent photons, the accumulation time was 5 min per angular step.
The data analysis was performed using a free-form approach similar
to the one discussed in [22]. Within this approach the periodically
repeated W-Si bi-layers were divided into a set of 0.3 nm thick sublayers
[21]. While the thickness of the sublayers is fixed, the optical constant of
each individual sublayer is varied during the fitting of GIXR data. A
minimizing procedure for cumulative mismatch between the measured
and simulated data was applied for both GIXR and F-XSW
simultaneously.
3. Results

2.2. Multilayer characterization

3.1. Passivation of Si

Soft X-ray reflectivity at the specific wavelength and grazing angle of
incidence required for the application (0.84 nm, θ ≈ 9.7◦ with respect to
the surface) were measured at the storage ring BESSY II at the
Physikalisch-Technische Bundesanstalt (PTB) in Berlin, Germany.
For a qualitative assessment of the roughness of the multilayer sys
tems, X-ray diffused scattering rocking curves were measured with a
conventional X-ray tube at the wavelength of 0.154 nm. The rocking
curves were taken at the second Bragg peak. The procedure of the
measurement is described elsewhere [19].
The subsurface composition of the samples was determined by nondestructive X-ray Photoelectron Spectroscopy (XPS). A Thermo Scien
tific Theta Probe Instrument was used employing monochromatic Al-Ka
radiation, providing a typical full-width half maximum of the Ag 3d5/2
peak equal to 0.75 eV, as indication for the obtained energy resolution.
The probing depth of the non-destructive measurement is about 6 nm.
The photoelectron signal is integrated over the entire acceptance angle
of the analyzer, corresponding to ± 30◦ around an average take-off angle
of 53◦ with respect to the surface normal. Spectra were evaluated with
Thermo–Avantage software, applying quantification based on analyzer
transmission, Scofield sensitivity factors and inelastic electron mean free
path values calculated according to the method of Cumpson and Seah
[20]. The non-destructive measurement of subsurface composition was
done after exposure of the samples to the air. In-depth distribution of the
elements was assessed by XPS sputter depth-profiling with 0.25 keV Ar+
ions.
Grazing incidence X-ray reflectivity (GIXR) and X-ray fluorescence
from W modulated by an X-ray standing wave (F-XSW) in the multilayer
were measured using an in-house Malvern Panalytical Empyrean X-ray
diffractometer using a Cu-Kα source (1.5406 Å) [21]. A 4xGe 220
monochromator was used between the source and the sample. The
measurements were performed in two steps. First, the X-ray reflectivity
curves were measured up to 8 degrees incidence. These measurements
were performed in continuous scanning mode using various steps sizes
and accumulation times in order to compromise between good mea
surement statistics for higher order Bragg peaks and reasonable total
measurement time (Table 1). At the second step X-ray fluorescence was

In our preliminary research the W-on-Si interface was found to be
significantly broader than the Si-on-W interface in 2.5 nm W/Si multi
layers [3]. This was due to a W silicide formation during W deposition on
Si. To minimize the interaction at the W-on-Si interface, the top part of
every Si layer was passivated with nitrogen. Ideally, a silicon nitride
layer with a thickness of about 0.3 nm on top of the Si layer was to be
formed, as illustrated in Fig. 1.
According to simulations a layer of 0.3 nm of Si3N4 would only
slightly reduce reflectivity (R = 58.8%) compared to the ideal bi-layer
W/Si system (R = 60%). A thicker layer of silicon nitride would
already affect the reflectivity too strongly due a reduced optical contrast
at 0.84 nm. Note that a W silicide layer formed in W/Si multilayers
reduces reflectivity by about 10 abs. %.To implement nitridation, the
surface of every Si layer (after its deposition) was exposed to reactive
nitrogen species from the ion source. The growth mechanism of Si3N4
was not known for such thin layers and the treatment conditions used.
Therefore, four multilayers with different passivation times (1 min, 2.5
min, 4 min, and 8 min) were synthesized (Table 2). All other parameters
were fixed, with the N2 flow being 7 sccm, the beam voltage 60 eV, and
ion current density 0.68 mA/cm2 (total ion current of 120 mA).
3.2. Soft X-ray reflectivity at 0.84 nm
Fig. 2 shows the reflectivity in the first Bragg peak at 0.84 nm of the
multilayer systems with 50 periods versus different passivation times.
The maximum reflectivity is observed for the reference multilayer

Fig. 1. Schematic representation of one period of the multilayer with a
partially N-passivated Si layer.
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order peaks, all scans in this work were performed at a second Bragg
peak at 3.2◦ (2θ = 6.4◦ ). The observed diffused scattering was similar for
all the multilayers. For example, Fig. 3 shows a comparison of the T1 and
T3 multilayer with the reference T0 multilayer.
The observed differences are not significant and indicate negligible
differences in roughness of the measured samples. The passivation of Si
did not affect the roughness to a sufficient extent to explain the drop in
reflectivity at 0.84 nm for the passivated samples.

Table 2.
Structure IDs with the corresponding passivation times.
Structure
ID

Passivation time
(minutes)

Number of periods
N

Period value
d (nm)

T0
T1
T2
T3
T4

0 (reference)
1
2.5
4
8

50,200
50
50
50,200
50

2.52
2.54
2.63
2.5
2.5

3.4. X-ray photoelectron spectroscopy (XPS)
In order to investigate an effect of the ion treatment on the compo
sition and chemical state of the elements in the structures, the multi
layers were analyzed by XPS. Fig. 4 shows an example of a sputter depth
profile for the T3 structure (4 min of Si passivation). Since the probing
depth of XPS is larger than the multilayer period, the sputter profile only
shows a very weak modulation in the concentrations of W, Si and N. We
used these profiles to determine an average concentration of N in every
structure, which is plotted in Fig. 5. The concentration of N increases
with the passivation time and reaches a saturation for 4- and 8-minute
passivation. This implies that the passivation procedure was effective
in nitridation the structure.
To determine the chemical state of the elements, the W4f and Si2p
peaks were analyzed. In order to avoid intermixing induced formation of
compounds by sputter depth profiling [24], the W4f and Si2p peaks were
measured on the deposited samples without applying ion etching. Figs. 6
and 8 illustrate the measured W4f and Si2p spectra of the samples with
selected passivation times compared to the reference sample without
passivation. For the W4f peak, also a reference spectrum of a thick
tungsten film is included, which was sputter cleaned by Ar ion-etching
directly before the measurement.
In our previous work we showed that tungsten silicide formation
results in a shift of the W4f peak to a lower binding energy by about 0.2
eV [18], compared to the reference position for bulk W. Since such small
shifts are close to the resolution that can be obtained with laboratory
XPS systems, we only provide a qualitative evaluation and do not
attempt to deconvolute the W4f peak into different components. Fig. 7
shows that longer passivation leads to a higher fitted binding energy of
the W4f7/2 peak, approaching the W reference binding energy. This
implies some reduction of the tungsten silicide formation. However,
since the shifts are close to the resolution of the laboratory XPS equip
ment, it is not possible to determine how strong the effect of silicide
suppression is. Lastly, the sample deposited with 4-minute passivation
shows some additional XPS intensity for the W4f7/2 peak around 32 eV,

Fig. 2. Reflectivity of the passivated multilayer systems with various passiv
ation times and the reference multilayer (time = 0) at 0.84 nm and an angle of
incidence θ ≈ 9.7◦ . The period d = 2.5 nm, the number of periods N = 50 for all
the multilayers.

(system T0) and the multilayer with one minute of passivation (system
T1). They both have about the same reflectivity (of about 18%) sug
gesting that no significant structural changes were present for 1-minute
of passivation (structure T1). This observation is supported by the
reflectivity measurements at 0.154 nm tat did not show any differences
in the reflectivity curves either. However, for 2.5-minute passivation
time (structure T2), a significant reduction in reflectivity at 0.84 nm was
observed. The reflectivity remained the same for the longer passivation
times of 4 and 8 min (structures T3 and T4). Note that this abrupt
reduction in the reflectivity at 0.84 nm was accompanied by significant
changes in the reflectivity at 0.154 nm as well, which will be discussed
in Section 3.5.
A multilayer system with 4-minute passivation treatment and 200
periods was also fabricated. It had a reflectivity of about 29% at 0.84
nm, which is 11% absolute value lower than the reflectivity of our W/Si
reference multilayer system with 200 periods.
In the following sections, we investigate possible reasons for the
reduction of the reflectivity at 0.84 nm in systems with passivated Si.
3.3. Diffuse scattering
To determine the influence of passivation on roughness of the
passivated multilayer systems, diffuse scattering at CuKα radiation (λ =
0.154 nm) was measured. For that, we did rocking curve scans by fixing
the detector at the center of a Bragg peak and rocking the sample in a
wide angular range. A perfect structure will produce a very sharp peak in
the specular direction only, while a structure with diffused scattering
will show wide ‘wings’ around it. Rocking curve measurements from
multilayer structures are described in more detail elsewhere [23]. It is
common to measure diffuse scattering at higher Bragg orders to observe
a wider range of angles. However, due to low intensity of the higher

Fig. 3. Rocking curve scans for W/Si (d = 2.5 nm, N = 50) multilayers
deposited with and without passivation of the Si layers. Passivation times were
1 and 4 min. The curves were normalized at the maximum intensity of the
Bragg peak, for comparison.
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Fig. 4. XPS depth profiles of multilayer systems with 4 min of nitridation of
Si layers.

Fig. 6. The measured XPS W4f doublet for a multilayer with 2.5-minute (red
line) and 4-minute (green line) passivation compared to a multilayer without
passivation (blue) and a W reference (dashed line). The signals are normalized
to the W4f7/2 peak. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Average concentration of nitrogen (N1S peak) in the samples with
different time of passivation determined from the XPS depth profiles after a
1000 s etch time at 0.25 keV.

and for the W4f5/2 peak around 34 eV. The intensity around these
binding energies is in line with WNx formation [25], which indicates
that W may react with N. This intensity strongly increases with the
passivation time. This indicates that WNx is probably not a result of W
reaction with N from the underlying SiNx layer. Instead nitrogen may
penetrate through Si into the underlying W layer during passivation.
Fig. 8 illustrates Si2p spectral lines measured for selected samples.
The W/Si reference mirror showed a slightly different background in
tensity due to differences in secondary electrons. Therefore, a Shirley
background [26] was subtracted to facilitate comparison.
The peak around 99.5 eV is assigned to elemental Si and Si in WSix
compounds. The peak around 103.5 eV is due to native SiO2 formed
because of the oxidation of the top surface after exposure to air. Due to
the larger probing depth than the period of the multilayer system, it was
possible to detect the formation of SiNx species, which contribute to the
signal between 101.5 and 102 eV. However, it should be noted that
substoichiometric SiOx, present at the interface between SiO2 and Si,
may also result in intensity in the same binding energy range. It can be
seen that, as the passivation time increases, the intensity in the 101.5 to
102 eV binding energy range increases, confirming that SiNx is formed
by the passivation treatment. A decrease of the Si peak around 99.5 eV

Fig. 7. The fitted peak position of the XPS W4f7/2 peak as function of passiv
ation time.

can be explained by the process of conversion of Si to SiNx.
Note that possible Ar+ implantation in Si layers during passivation
treatment could also affect the reflectivity of the multilayer system [27].
However, XPS analysis did not reveal any presence of Ar+ in our
samples.
3.5. Grazing incidence X-ray reflectivity and X-ray fluorescence analysis
Although XPS analysis gave information about the presence of ni
trogen and chemical interactions taking place in the systems upon the
passivation treatment, the limited depth resolution of XPS analysis did
not give accurate information about the in-depth distribution of the
materials. To analyze this, we used X-ray reflectivity measurements
(GIXR) in combination with X-ray fluorescence modulated by the X-ray
standing wave analysis (F-XSW). This combination allowed us to reduce
the cross-correlations between the model parameters during the analysis
of X-ray reflectivity by adding the X-ray fluorescence dataset that is
4
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GIXR) and Fig. 10 (for F-XSW). The fitting curves are in a good agree
ment with the measured data for all three multilayer systems.
As a result of this analysis, we obtained a set of the concentrations of
the elements, and densities per sub layer. These were used for the
calculation of the optical constants at 0.84 nm wavelength as described
in [32]. Fig. 11 shows the real part of the optical constant profiles ob
tained for T0, T2, and T3, as derived from the simultaneous fit described
above. These profiles were used to calculate the at-wavelength reflec
tivity shown in Fig. 12. A good match between the measured and
calculated reflectivity was obtained.
Note that a small change in the period of the structure T3 is observed.
This may be ascribed to the fact that the 0.154 nm X-ray reflectivity
measurements were done about two years after the 0.84 nm wavelength
X-ray reflectivity measurements. We suggest that interdiffusion process
that may continue in the multilayer after deposition could have been
more significant in the T3 structure. This phenomenon calls for a sepa
rate research.
4. Discussion
The passivation treatment procedure of using reactive nitrogen
clearly resulted in some reduction of the silicide formation, as proven by
XPS. However, it did not cause a reflectivity improvement at 0.84 nm
wavelength. It is remarkable that the 1-minute passivation did not result
in any changes in reflectivity detectable by either 0.154 nm or 0.84 nm
measurements. This is in spite of the fact that the XPS measurements did
detect some amount of N present in the systems. It could be argued that
this treatment did not produce a continuous passivated Si layer, with the
chemical processes at the W-on-Si interface being not affected signifi
cantly. However, the 2.5-minute passivation treatment did result in a
pronounced reduction in the reflectivity at 0.84 nm. This is in spite of the
fact that it leads to the formation of sharper interfaces, as seen in the
reconstructed refractive index profile (Fig. 11). Still, this also showed a
reduced contrast between the reflector and spacer layer because of an
elevated plateau formed in the refractive index observed in the spacer
layer. The occurrence of this plateau can be ascribed to the formation of
a nitrided Si layer (SixNy). Evidently, the observed improvement in the
interface profile is compensated by the reduced optical contrast due to
the formation of a thick SixNy layer, resulting in a reduction of the

Fig. 8. Si 2p peaks for the multilayer structure with 2.5-minute passivation
(red), 4-minute passivation (green), and a reference structure without passiv
ation (blue). A Shirley background was subtracted from all spectra. No
normalization of intensities was applied. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

sensitive to the phase of the reflected waves. This approach partially
solves [28] the well-known phase problem of X-ray reflectivity [29,30].
We could not measure the fluorescence signal from N in our laboratory
equipment. The fluorescence signal from Si from the multilayer would
be mixed with the signal from the Si substrate. So only the fluorescence
signal from W was measured. To fit the data, a so called free-form
analysis was used [22]. Unlike the conventional model-based fitting
method, it allows for more freedom in modelling interface profiles,
which is essential for short-period multilayers where interaction zones
are substantial compared to the period of the structure. We analyzed the
structures T0 (no passivation), T2 (2.5-minute passivation), and T3
(4-minute passivation). The data analysis was performed as discussed in
[21] with implementation of free-form multilayer parametrization
approach described in [31]. The period of the reference multilayer T0
was modeled as a set of sublayers where the concentration of the ele
ments in the sublayers, and consequently the optical constants were
allowed to vary between W and Si. To account for nitridation for
structures T2 (2.5-minute passivation) and T3 (4-minute passivation)
the element concentration and layer density was allowed to vary from W
to SiN to pure Si. Examples of the achieved fits are shown in Fig. 9 (for

Fig. 10. Measured (dots) and simulated (lines) angular dependent X-ray fluo
rescence yields around the first Bragg peak (θ=1.71◦ ) for W for the T2 (2.5minute passivation) multilayer sample.

Fig. 9. Measured (dots) and simulated X-ray reflectivity data based on best-fit
solutions (lines) for the T2 (2.5-minute passivation) multilayer.
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layer by exposing the Si surfaces to reactive nitrogen species from a
Kaufman ion source operated at 60 V. The passivation was in the range
of 1 to 8 min.
The passivation treatment of 1-minute did not result in any changes
in X-ray reflectivity, as detectable at 0.154 or 0.84 nm wavelength. The
treatment of 2.5-minute and longer did result in a reduced tungsten
silicide formation (observed by XPS) and improved sharpness of the
interfaces (detected by 0.154 nm X-ray reflectometry). However, this
was accompanied by a pronounced reduction in the reflectivity at 0.84
nm. The refractive index profile, reconstructed from 0.154 nm X-ray
reflectivity, revealed the formation of an elevated plateau in the
refractive index of the spacer layer. This was attributed to the formation
of a thicker than 0.5 nm silicon nitride layer that reduced the optical
contrast of the multilayer at 0.84 nm.
We conclude that passivation of Si using nitrogen can result in
improvement of interfaces in W/Si multilayers. However, in the tested
conditions, this improvement was counterbalanced by a reduced optical
contrast due to a relatively thick silicon nitride layer. This suggests that
gentler passivation procedures should be tried to reduce nitrogen
penetration in Si.

Fig. 11. The real part of the optical constant decrements obtained for 0.84 nm
wavelength for the structures T0 (no passivation), T2 (2.5-minute passivation),
and T3 (4-minute passivation). Due to slightly deviating periods of the samples
within about 0.1 nm (see Table 2), the depth values were normalized to cor
responding period values of each sample.
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Fig. 12. Measured and simulated reflectivity at 0.84 nm using the optical
constant profiles shown in Fig. 11 for the T0, T2 and T3 multilayer systems.

reflectivity at 0.84 nm. The longer passivation time (4-minutes) im
proves the interfaces further and defines the reflecting layer better. The
latter is visible by a plateau formed in the reflecting layer. At the same
time, the thickness of the formed SiNx layer increases as well. Further
more, the formation of WNx species is observed by XPS for the 4-minute
passivation treatment. This could be the reason the optical density of the
absorber does not increase in spite of the formation of sharper interfaces.
Summarizing, it can be concluded that passivation of Si by nitrogen
can result in improvement of the interfaces in W/Si multilayers. How
ever, a gentler passivation procedure could be explored to avoid
excessive penetration of nitrogen in the Si-layer which may reduce the
thickness of the SixNy layer.
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