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It is demonstrated that x-ray waveguide structures can be used for depth profiling of a marker layer inside
the guiding layer with an accuracy of better than 0.2 nm. A combination of x-ray fluorescence and x-ray
reflectivity measurements can provide detailed information about the structure of the guiding layer. The posi-
tion and thickness of the marker layer affect different aspects of the angle-dependent x-ray fluorescence
pattern, thus making it possible to determine the structure of the marker layer in an unambiguous manner. As
an example, effects of swift heavy ion irradiation on a Si/M /Si trilayer �M =Fe, W�, forming the cavity of the
waveguide structure, have been studied. It is found that in accordance with the prediction of thermal spike
model, Fe is much more sensitive to swift heavy ion induced modifications as compared to W, even in thin film
form. However, a clear evidence of movement of the Fe marker layer towards the surface is observed after
irradiation, which cannot be understood in terms of the thermal spike model alone.
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I. INTRODUCTION

X-ray waveguides have attracted a great deal of attention
in recent years because of their possible application in x-ray
optics for producing intense coherent x-ray beams with a
vertical cross section ranging typically from 200 nm to 10
nm, which in turn have applications in microbeam x-ray
spectroscopy, diffraction or imaging experiments.1–7 It has
also been demonstrated that x-ray waveguide structures pro-
vide a powerful tool to study the structural properties of the
guiding layer itself.5,9–11 The excitation of waveguide modes
in planar structures was demonstrated by Feng et al.,1 where
a resonance enhancement of the intensity by 20-fold was
observed inside the waveguide cavity consisting of a poly-
imide film sandwiched between Si substrate and SiO2 top
layer. Resonance modes of such a planar waveguide are ex-
cited for angle of incidence of x rays satisfying the condition
�i=�m��m+1�� /kW, where k is the propagation vector of
the x-rays and W is the width of the cavity, and m is an
integer. Under this condition the mth transverse electric
mode of the waveguide is excited, which propagates undis-
turbed along its length. Various alternative structures have
also been suggested in the literature in order to achieve a
two-dimensionally confined field,6 or for producing beams
with desired intensity distribution.7 Waveguides based on
Bragg reflection from multilayers instead of total external
reflection from high Z element has also been suggested.8

Zwanenburg et al., demonstrated coherent propagation of x
rays in a planar waveguide with a tunable air gap.5 It was
shown that such a structure could be used to do coherent
x-ray scattering experiments on a medium filled inside the
cavity.9 Resonance enhancement of the x-ray wave field in-
side the cavity has been used in order to study weak scatter-
ing from macromolecular films.10

In the present work we demonstrate that planar x-ray
waveguide structures can be used for accurate depth profiling

of thin marker layers. The depth resolution can be signifi-
cantly increased as compared to that achievable using x-ray
standing waves generated by total external reflection from a
bottom layer of a high Z element.12,13 Depth profiling of a
marker layer is required in a variety of studies including
diffusion measurements,14,15 heavy ion induced material
modification,16,17 etc. As an application of the technique,
swift heavy ion induced intermixing in Si/M �M=Fe, W�
thin films has been studied. In recent years swift heavy ion
irradiation has been used for controlled modification of thin
film and multilayer structures. In metallic systems swift
heavy ions are known to produce damage above certain
threshold electron energy loss Se, which varies significantly
from metal to metal.18 Since for Se value close to the thresh-
old, the induced modifications are expected to be small, the
present technique can be usefully applied to study the same,
which in turn is expected to provide important clues about
the mechanism of swift heavy ion induced modifications.
The marker layers of Fe and W are chosen because the two
metals are known to have very different sensitivity for elec-
tronic energy loss.18 It would be interesting to see if this
relative sensitivity of the two metals to swift heavy ions is
also maintained in the thin film form.

II. EXPERIMENTAL DETAILS

Waveguide structures were deposited on float glass sub-
strate using electron beam evaporation in an UHV environ-
ment with the base pressure in the chamber being 3
�10−9 mbar. X-ray reflectivity measurements were done us-
ing a Siemens D5000 diffractometer with Cu K� radiation.
X-ray fluorescence measurements were done at the SAXS
beamline of Elettra synchrotron radiation source using 16
keV x rays. Some of the fluorescence measurements were
also done using a rotating anode laboratory source equipped
with a Si�111� incident beam monochromator in order to se-
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lect the k�1 radiation of Cu. Reflected x rays were detected
using a gas filled proportional counter, while the fluorescence
from the sample was measured using an Amptek XR100T
PIN diode detector with an energy resolution of 250 eV.
Fluorescence from a Cr foil kept up-stream of the sample
was used to correct for the deadtime of the detector.

A multilayer with a nominal structure, float glass
�substrate� /Pt�70 nm� /Si�16 nm� /Ti�3 nm� /Si�9 nm� /Pt
�2 nm�, designated as samples Ti3 was deposited. The two Pt
layers form the walls of the planar waveguide while the
trilayer Si/Ti/Si forms the guiding layer. The 3 nm thick Ti
marker layer is intentionally kept asymmetrically inside the
Si cavity, in order to achieve a higher sensitivity in determin-
ing its position. In order to demonstrate this point, Fig. 1
gives the contour plot of x-ray intensity inside the multilayer
structure as a function of the scattering vector q, calculated
using Parratt’s formulism.20 Well localized antinodes of the
x-ray standing waves corresponding to TE0, TE1 and TE2
modes of waveguide structure are clearly visible. The posi-
tion of marker layer is chosen to lie roughly midway be-
tween the antinodes corresponding to TE1 and TE2 modes. In
order to demonstrate how such a structure can improve depth
sensitivity, the simulated x-ray fluorescence from the Ti
marker layer is shown in Fig. 2 for the following two situa-
tions: �i� marker layer lying in the center of the cavity �curve
�a�� and �ii� marker layer lying midway between the antin-
odes corresponding to TE1 and TE2 modes �curve �b��. In the
first case, peaks in the fluorescence are observed at q values
corresponding to TE0 and TE2 modes only. A small shift in
the position of the marker layer would result only in a small
variation in the intensity of the fluorescence peak corre-
sponding to the TE2 mode. On the other hand, for the second
case, peaks in the fluorescence are observed also correspond-
ing to the TE1 mode. In the latter case, even a small variation
in the depth of the marker layer would result in a significant
variation in the relative intensities of fluorescence peaks cor-
responding to TE1 and TE2 modes. This is because at this

position the depth distributions of field intensity correspond-
ing to both TE1 and TE2 modes have steep gradients with
opposite sign. Thus, fitting of the observed relative intensity
of the fluorescence peaks corresponding to TE1 and TE2
modes would provide a sensitive way to measure the position
of the marker layer and any shift in the same due to subse-
quent sample treatment. For comparison purpose, the simu-
lated fluorescence curve for the second case and without the
top Pt layer �i.e., the case of conventional x-ray standing
wave structure� is also shown in Fig. 2 �curve �c��. In this
case peaks in fluorescence are observed whenever an anti-
node scans across the marker layer, and the depth resolution
is limited by the width of the antinode.

III. RESULTS AND DISCUSSION

Figure 3�a� gives x-ray reflectivity of the multilayer Ti3
measured using Cu K�1 radiation. Sharp dips in the x-ray
reflectivity between �c of Si and Pt evidence the excitation of
TE0, TE1, and TE2 modes inside the cavity. An attempt to fit
the x-ray reflectivity shows that while the simulated pattern
is sensitive to the total thickness of the cavity plus the top Pt
layer, as well as the interface roughnesses, it is not very
sensitive to the position and the width of the Ti marker layer.
Figure 3�b� gives the x-ray fluorescence from the Ti marker
layer. Fluorescence peaks corresponding to all the three
modes are visible. As discussed earlier, the detailed fluores-
cence pattern depends upon the position of the Ti marker
layer. A simultaneous fit of the x-ray reflectivity and the Ti
fluorescence pattern was done in order to get the detailed
structure of the multilayer. One may note that while the fit-
ting of the first three peaks �corresponding to TE0, TE1, and
TE2 modes� is good, the intensity of the fourth peak does not
match very well with the theory. This is because of the fact
that in the present sample the position of the fourth peak
happens to lie close to the critical angle of Pt, and therefore
its intensity would be very sensitive to small variations in the
electron density or thickness of the Pt layer. Furthermore the

FIG. 1. The contour plot of x-ray field inside the multilayer,
substrate/Pt�70 nm� /Si�16 nm� /Ti�3 nm� /Si�9 nm� /Pt�2 nm� as a
function of depth and scattering vector q.

FIG. 2. Simulated x-ray fluorescence from a 3 nm thick
Ti marker layer inside the multilayers, �a�
substrate/Pt�70 nm� /Si�12.5 nm� /Ti�3 nm� /Si�12.5 nm� /Pt�2 nm�;
�b� substrate/Pt�70 nm� /Si�15.5 nm� /Ti�3 nm� /Si�9.5 nm� /
Pt�2 nm�; �c� substrate/Pt�70 nm� /Si�16 nm� /Ti�3 nm� /Si�9 nm�.
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width of various fluorescence peaks are in general broader
than the simulated curves. This is due to the fact that the
x-ray beam has a finite divergence, the effect of which has
not been incorporated in the simulated spectra. The results of
fitting are summarized in Table I. In order to demonstrate the
sensitivity of the technique to the position of the marker
layer, the inset in Fig. 3�b� shows the simulated patterns
corresponding to the position of the marker layer shifted by
±0.2 nm from the best-fit value. These curves clearly mis-
match with the experimental data, indicating that the accu-
racy with which the position of the marker layer can be de-
termined is better than 0.2 nm.

For comparison, x-ray reflectivity and Ti fluorescence
from a waveguide structure similar to specimen Ti3, but with
Ti layer placed symmetrically inside the guiding layer, i.e.,
having a structure, float glass �substrate� /Pt�70 nm� /
Si�12 nm� /Ti�3 nm� /Si�12 nm� /Pt�2 nm�, designated as

Ti3s, are given in Figs. 4�a� and 4�b�. As expected, x-ray
reflectivity evidences the excitation of all TE0, TE1, and TE2
modes; however, in fluorescence measurement, only peaks
corresponding to TE0 and TE2 are dominant, since for the
TE1 mode, the position of the marker layer almost coincides
with a node. A detailed fitting of the data gives the structure
of the multilayer as given in Table I. One may note that the
marker layer is slightly shifted from the center of the guiding
layer, attributable to some variation in the deposition rate.
This gives rise to a small peak at the position corresponding
to the TE1 mode.

Next, in the present work it is demonstrated that the thick-
ness of the marker layer sensitively affects the intensity of
the peak corresponding to the TE0 mode. This is due to the
fact that the marker layer itself perturbs the field inside the
cavity. Thus the observed fluorescence pattern from a sample
can be used in an unambiguous determination of the position
as well as width of a marker layer.

FIG. 3. X-ray reflectivity and Ti fluorescence from the
multilayer Ti3 as a function of scattering vector q. The continuous
curves represent the best fit to the data. In the inset, simulated
curves for Ti position shifted by +0.2 nm �---� and −0.2 nm �…� are
also shown.

TABLE I. The results of simultaneous fitting of x-ray reflectivity and x-ray fluorescence data on the multilayer structure. The roughness
given is that of the top surface of a layer.

Layer

Sample Ti3 Sample Ti3s Sample Ti4

Thickness
�nm�

Roughness
�nm�

Thickness
�nm�

Roughness
�nm�

Thickness
�nm�

Roughness
�nm�

Pt 1.6±0.1 1.0±0.05 1.6±0.1 1.0±0.05 2.5±0.1 1.5±0.05

Si 9.1 1.0 13.3 1.0 9.2 1.5

Ti 3.0 1.0 3.0 1.0 4.0 1.2

Si 15.9 1.2 10.5 1.2 15.3 1.5

Pt 70.0 1.5 70.0 1.5 70.0 1.5

Substrate 0.5 0.5 0.5

FIG. 4. X-ray reflectivity and Ti fluorescence from the
multilayer Ti3s as a function of scattering vector q. The continuous
curves represent the best fit to the data.
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In order to see the effect of marker layer thickness on the
fluorescence pattern, the x-ray reflectivity as well as Ti fluo-
rescence from a multilayer having structure similar to that of
Ti3 but with the thickness of the Ti marker layer being equal
to 4 nm �designated as Ti4�, were also measured, and are
shown in Figs. 5�a� and 5�b�. In both cases the continuous
curves represent the best-fit results obtained by simultaneous
fitting of the two data. One may note that, as expected from
theoretical simulations, the intensity of the fluorescence peak
corresponding to the TE0 mode is significantly reduced in
Ti4. This happens due to the fact that the marker layer itself
perturbs the field inside the cavity. The results of fitting are
also included in Table I. Thus, while the position of the
marker layer mainly affects the intensities of the TE1 and
TE2 peaks, thickness of the marker layer primarily affects the
intensity of the peak corresponding to the TE0 mode. It may
be noted that fitting of experimental data using multiple pa-
rameters may not always lead to a unique solution, as a num-
ber of different combinations of the parameters may lead to
similar quality of fitting. In this context, it is important that
in the present case, different parameters of the marker layer
affect different aspects of the fluorescence pattern, thus re-
sulting in a more unambiguous determination of the marker
structure.

As an application of the technique, swift heavy ion in-
duced intermixing of Si with Fe and W marker layers has
been studied. The multilayers having nominal structure,
float glass �substrate� /Cr�20 nm� /Au�70 nm� /Si�17 nm� /
Fe�4 nm� /Si�12 nm� /Au�2 nm� �designated as Fe4� and
float glass�substrate� /Cr�20 nm� /Au�70 nm� /Si�17 nm� /
W�1 nm� /Si�12 nm� /Au�2 nm� �designated as W1�
were measured before and after irradiation with 100 MeV Au
ions to a fluence of 1�1013 ions/cm2. The swift heavy ions
are expected to modify the structure of the multilayer. Fig-

ures 6 and 7 give the x-ray reflectivity and Fe fluorescence of
multilayer Fe4 before and after irradiation. X-ray reflectivity
measurements show that the total thickness of the film is
reduced after irradiation and the interface roughnesses have
increased substantially. On the other hand, x-ray fluorescence
measurements show that the relative intensity of the peaks
corresponding to the TE1 and TE2 modes is significantly al-
tered; before irradiation the intensity of the TE2 peak was
higher than that of the TE1 peak, while after irradiation the
situation is reversed. This suggests that the position of the
marker layer got shifted with respect to the center of the
guiding layer as a result of irradiation. The results of fitting
are given in Table II. Figure 8 compares the electron density
profile in the multilayer Fe4 before and after irradiation as
obtained from simultaneous fitting of the x-ray reflectivity
and Fe fluorescence data. Several features of the irradiation
effects may be noted: The concentration profile of the Fe
marker layer gets broadened considerably as a result of in-
termixing with Si, an effect which has been observed in sev-
eral systems.16,17,21,22 At the same time, the irradiation result
in a contraction of the guiding layer Si/Fe/Si by about 10%,
suggesting that the Si layers get densified after irradiation. A
decrease in the thickness of the top Au layer after irradiation
may be due to electronically mediated sputtering.19 Perusal
of Table II also shows that while in the pristine specimen the
position of the Fe marker layer is shifted from the center of
the guiding layer by 8.7% of its thickness, after irradiation
this shift becomes 9.9%. Thus, the marker layer exhibits an
upward movement upon irradiation by �1% of the layer
thickness, which is above the error bars.

FIG. 5. X-ray reflectivity and Ti fluorescence from the
multilayer Ti4 as a function of scattering vector q. The continuous
curves represent the best fit to the data.

FIG. 6. X-ray reflectivity from multilayer Fe4 before and after
irradiation with 100 MeV Au ions �fluence, 1�1013 ions/cm2�.
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In order to compare sensitivity of the W film for swift
heavy ion irradiation relative to that of Fe, results of x-ray
reflectivity and W fluorescence measurement on multilayer
W1 before and after irradiation are shown in Figs. 9 and 10.
The results of fitting are included in Table II. Figure 11 gives

the electron density distribution in the multilayer W1 before
and after irradiation. One may note that in the case of a W
marker layer no appreciable intermixing takes place as a re-
sult of irradiation. However, densification of the Si layer is
observed in this case also, as evidenced by reduction in the
total thickness of the guiding layer. However, in contrast to
the Fe layer, position of the W layer relative to the center of
the cavity is not shifted.

The above measurements show that while in the Fe-Si
system considerable intermixing is observed, in the W-Si
system practically no intermixing takes place after irradiation
with 100 MeV Au ions. Since Si is common in the two
systems, these results show that Fe is much more sensitive to
swift heavy ion irradiation as compared to W. This result is
in conformity with the thermal spike model,23,24 and some
earlier measurements.16

FIG. 7. Fe fluorescence from multilayer Fe4 before and after
irradiation with 100 MeV Au ions �fluence, 1�1013 ions/cm2�.

TABLE II. The results of simultaneous fitting of x-ray reflectivity and x-ray fluorescence data on the multilayers Fe4 and W1 before and
after irradiation.

Sample Layer

Before irradiation After irradiation

Thickness
�nm�

Roughness
�nm�

Thickness
�nm�

Roughness
�nm�

Fe4

Au 1.7±0.1 1.3±0.05 0.9±0.1 2.0±0.05

Si 10.9 1.7 8.9 2.3

Fe 4.0 1.8 4.2 2.2

Si 16.3 1.5 14.3 2.2

Au 70.0 1.5 70.0 2.2

Cr 20.0 1.5 20.0 1.5

Substrate 0.5 0.5

W1

Au 1.5 2.1 1.3 1.9

Si 14.2 2.0 13.0 1.8

W 0.8 1.6 0.8 1.6

Si 17.5 2.0 16.0 2.3

Au 70.0 1.5 70.0 1.7

Cr 20.0 1.5 20.0 1.5

Substrate 0.5 0.6

FIG. 8. The electron density profile in multilayer Fe4 before and
after irradiation as obtained from simultaneous fitting of x-ray re-
flectivity and Fe fluorescence data.
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It may be noted that, in some earlier studies on irradiation
of W/Si multilayer with 3.56 GeV 238U ions,25,26 a strong
mixing between W and Si layers, resulting in formation of a
W-Si compound, has been observed. However, at this energy
of 238U ions, the electronic energy loss in W is 9.7 keV/Å
which is well above the threshold damage production in bulk
W,18 and thus is expected to result in intermixing of W and Si
layers.

The observed densification of the Si layer in the specimen
Fe4 after irradiation may be due either to structural modifi-

cation of the Si layer or to formation of some Fe-Si phase.
However, the fact that even in the Si/W/Si system, the
thickness of Si layers is reduced after irradiation, provides a
clear evidence that the thickness reduction is due to struc-
tural modification of the Si layer. In the present case the Si
layers are expected to be amorphous in nature, and therefore
would have a large concentration of defects, which can get
partially annihilated due to irradiation. Such annihilation of
defects due to swift heavy ions has been observed in the
literature.27,18 In some earlier studies crystallization of amor-
phous Si layer has been observed due to swift heavy ion
irradiation above a threshold electronic energy loss, Se, of
about 1.3 keV/Å.25,28 In the present case Se in the Si layer is
1.17 keV/Å, which is close to the above threshold value.
Therefore crystallization of the amorphous Si layers upon
irradiation can also result in densification.

It is interesting to note that in Si/Fe/Si system Fe layer
exhibits a clear shift towards the surface after irradiation. An
uneven densification of the Si layers above and below the Fe
marker layer may also result in the movement of the Fe
layer. However this possibility is unlikely because the energy
of the bombarding ion does not change significantly as it
traverses through the thickness of the film. Therefore the Se
value in both the Si layer should be the same, and hence the
associated effects should also be the same in the two layers.
Further, in the Si/W/Si system no such movement of the W
marker layer is observed. Thus, this shift is related to Se
induced effects in the marker layer. This effect cannot be
understood in terms of the thermal spike model,23,24 and
needs further investigation. Recently, in an interesting ex-
periment, Juraszek et al. have studied a possible directional
effect of swift heavy ion irradiation in Tb/Fe multilayers by
irradiating two identical multilayers kept face to face with
each other, thus making the Pb ions traverse the two multi-
layers in opposite directions �i.e., Tb to Fe and Fe to Tb�.29

Sensitivity to Fe-on-Tb interface was achieved by depositing
a 0.5 nm thick 57Fe marker layer at the interface, and using
conversion electron Mössbauer spectroscopy to detect the
changes at the interface. It was concluded that intermixing at
the Fe/Tb interface is not affected by the direction in which

FIG. 9. X-ray reflectivity from multilayer W1 before and after
irradiation with 100 MeV Au ions �fluence, 1�1013 ions/cm2�.

FIG. 10. W fluorescence from multilayer W1 before and after
irradiation with 100 MeV Au ions �fluence, 1�1013 ions/cm2�.

FIG. 11. The electron density profile in multilayer W1 before
and after irradiation as obtained from simultaneous fitting of x-ray
reflectivity and W fluorescence data.
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the bombarding ion travels. It may be noted that the effect
observed in the present case, i.e., shifting of the position of
the marker layer is different from that of a possible asymme-
try in the intermixing at the interfaces, and cannot be re-
vealed using techniques like CEMS. Present results demon-
strate that the effect of swift heavy ions is not isotropic and
has some dependence on the direction of the beam.

IV. CONCLUSIONS

In conclusion, Si/M /Si �M =Ti, Fe, W� trilayer embedded
in a planar x-ray waveguide has been studied using x-ray
reflectivity and fluorescence measurements. It is shown that
the relative intensities of the fluorescence peaks correspond-
ing to the TE1 and TE2 modes depend sensitively on the
position of the marker layer M, while the intensity of the
fluorescence peak corresponding to the TE0 mode depends
on its width. Thus, both position and width of the marker
layer can be determined in an unambiguous manner by si-

multaneous analysis of x-ray reflectivity and fluorescence
data. The technique has been used to study the effects of
swift heavy ion irradiation in Si/Fe/Si and Si/W/Si sys-
tems. The observed effects include �i� intermixing at the in-
terfaces, an effect which has been extensively studied in a
number of systems, �ii� densification of the Si layers, which
may be attributed to annihilation of defects and/or crystalli-
zation of the layers, and �iii� a small shift in the relative
position of the marker layer in the case of the Si/Fe/Si sys-
tem. It is found that in conformity with the thermal spike
model, Fe is more sensitive to electronic energy loss induced
damage as compared to W. However, the observed shift in
the position of the Fe marker layer upon irradiation cannot
be understood in terms of the thermal spike model.
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