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Résumé. 2014 Des microstructures synthétiques en couches minces à variation latérale de 03B3 (oú 03B3
est le rapport entre l’épaisseur de matériau de haut indice et le paramètre de la multicouche) ont
été fabriquées par pulvérisation. Elles ont été caractérisées par réflectivité spéculaire X avec un diffractomètre fonctionnement sous rayonnement primaire monochromatique Cu K03B1. Les résultats sont
en bon accord avec ceux prévus par la théorie dynamique de la diffraction X, ainsi qu’avec des simulations sur ordinateur et des observations en MET. Nous montrons ainsi qu’il est possible de réaliser des
structures dont l’intérêt est de disposer sur un échantillon de valeurs du paramètre 03B3 correspondant
à des applications diverses.
A laterally graded 03B3 layered synthetic microstructure (LSM), (where the division paramAbstract.
eter 03B3 is the ratio between the thickness of the high refractive index material and the LSM’s period),
has been manufactured by means of a sputtering technique. This special LSM has been characterized
by specular reflectivity X-ray measurements using a diffractometer equipped with an incident beam
radiation. It exhibits the properties expected by the dynamical
monochromator and Cu-K03B1 (1.5418
theory of X-ray diffraction. The results are shown to be in good agreement with computer simulations
and transmission electron microscopy (TEM) observations. The object of this paper is to prove the
feasibility of such a structure whose the interest is the selection on one sample of the division parameter 03B3 desired for different applications. We give a calibration curve of the sample by means of an
experimental law of laterally 03B3 variation.
2014

A)

1. Introduction.

During the last decade remarkable progress in thin films technology has made possible the designing of layered synthetic microstructures (LSMs) that act as efficient Bragg diffractors in the
X-rays and extreme ultraviolet spectral ranges [1-4]. These LSMs, which consist of alternating
layers of high and low refractive index are analogous to multilayer interference filters for the visArticle available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:0199400503018900
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ible spectral region. By adjusting the refractive indices and thicknesses of the component layers
the diffracting properties may be tailored to specific applications: X-ray telescope, X-ray laser,

X-lay microscopy, X-ray lithography etc [5].
Some laboratories have shown great skill in manufacturing very high quality LSMs with essentially atomically smooth interfaces between the constituant layers. A large variety of special
structures have been achieved: for instance Fabry-Perot etalon for X-rays [6,7], laterally graded
period LSM [8,9], multilayer laminar grating [10], etc..., only limited by the constraints of the
technology now available. In this paper we consider a structure which, to our knowledge, has
not been designed yet, namely a laterally graded, LSM, where , is the ratio
+ dL), dH
and dL being thicknesses of the high and low refractive index layer, respectively. The interest in
manufacturing and characterizing such a structure is twofold. First, the dynamical theory of X-ray
diffraction shows that for particular l values, only some peculiar Bragg reflections are allowed.
Such a prediction needs to be checked in order to determine to what extent the dynamical theory
may be used to explain LSM’s properties. Second, this structure might be found useful in X-ray
spectroscopy [11]. Indeed, if an experimental set-up has to work with the first Bragg order for
the main wavelength Ao of the X-ray source, higher Bragg orders of Ao-harmonics could disturb
specular reflections by diffraction in the same direction. So, it seems to be appropriate to have
a structure which can be adapted by the choice of the parameter l for the suppression of these
undesirable reflections. Moreover, in several applications, the second order (or higher orders)
have to be used because of constraints of incidence angle. By the choice of the parameter 03B3, it is
possible to increase the efficiency in this order by suppressing higher orders [12].

dH/(dH

2. Theoretical model for LSMs.

Two theoretical approaches may be used to describe the reflection of X-rays from a natural crystal
or a LSM [13]:
the kinematical theory (KT)
the dynamical theory (DT)
The KT neglects the details of the wave interactions when DT takes all wave interactions into
account. The DT is usually used in the study of the X-ray diffraction from large perfect crystals. Given that LSMs may be considered as perfect from crystallographic point of view, it seems
more appropriate to use the DT for studying their diffracting properties. Moreover the neglect
of absorption in layer materials makes it possible to have a simplified theory for deducing some
expressions in closed form [14].
for the mth Bragg reflection is defined as the maximum value of
The peak reflectivity
the intensities of the incident and reflected waves respectively.
and
are
I (9)
I (9) / Io, where Io
The dynamical theory provides [13, 14]
-

-

Ruz)

where B
(2 N d P (03B8m)IF (0m)
F (03B8m) is the structure factor, and
=

1) /m, 8m
-

is the
-

Bragg angle,
-

N is the number of layer

pairs,

-

In the case of a LSM made of alternating homogeneous layers of a high refractive indice
terial H and a low refractive indice material L, F (9m) may be written as:

ma-
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where

OH and 4&#x3E;L are the scattering amplitude densities of materials H and L, respectively.

Usually the ratio dH/d is called 1.
This equation shows that
values of 1 such that

an

Hence the structure factor depends on 1

extinction of the mth

Especially only the odd order (m = 1,3,5...)
3.

according to

Bragg order can be expected for discrete

reflections

are

permitted for 1

=

0.5.

Multilayer design.

Because of its appealing properties [15] - mainly high stability and high scattering power per layer
pair - the tungsten/carbon (W/C) system has been chosen to manufacture our samples.
These samples are prepared using a triode DC sputtering technique under low argon pressure
x 10-3
The temperature of the targets is regulated. The substrates are (111) silicon
wafers of 6 inches (15 cm) with a rms (root mean square) roughness height estimated to be about
0.5 nm. The deposition rates are about 0.2 nm/s for W and 0.03 nm/s for C. Figure la shows the

Torr) .

(2

experimental set-up.

Fig.

1.

-

a) Experimental set-up and b) planetary drive on runner ring.

In order to understand how a laterally graded 1 LSM can be manufactured we have first to
describe the method leading to an homogeneous LSM. The process is as follows.
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The Si substrates are put on a planetary drive which is held by a roller ring. This roller ring,
which is uniformely moved about a vertical axis by means of an electrical engine, makes the planetary drive to tum about its axis of rotation by sliding friction on a fixed railway (Fig. lb). So
during the vaporisation the substrates undergo both a rotary motion about the axis of rotation of
the planetary drive. This makes it possible to manufacture homogeneous samples with an excellent film uniformity and optimum step coverage, as it has been shown previously [16] and despite
the fact there is a steep deposition angle between the targets and the substrates (approximatively

40° ).

2.
Manufacture of a laterally graded , LSM. a) Deposition of a laterally graded thickness film for
the first material (W). The planetary drive is deconnected from the runner ring; b) Rotation of 180° of the
planetary drive by means of a stricking roller; c) Deposition of the second material (C) like the first one.

Fig.

-

In order to obtain a laterally graded 1 LSM we must carry out the experiment in three steps
(Fig. 2). First the planetary drive is disconnected from the fixed railway. So the substrates are
only driven in a rotation motion about a vertical axis. This allows us to obtain a film with a laterally
graded thickness for the first material (W) (Fig. 2a). The process is stopped. The planetary drive
is rotated by 180° about its rotation axis (Fig. 2b) by means of a stricking roller and the second
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material (C) is deposited like the first one, namely with the substrate undergoing a rotary motion
about the vertical axis only (Fig. 2c). The process is repeated until all the layers are obtained. Let
us remark that deposition occurs at a steep angle but several microscopy studies on various LSMs
have shown that this does not influence roughness.
4.

X-ray diffraction characterization.

samples have been manufactured by means of the above described process. We deal with
bilayers, approximately 3 nm period, whose theoretical profile is shown
in figure 3. This sample has been characterized by specular reflectivity using a diffractometer
equipped with an incident beam monochromator and Cu-Ka (1.5418 Â) radiation. The measurements have been performed at regularly spaced points (cm per cm) along the x direction of the
sample (Fig. 3). The period d of the sample and the relative intensities of the 2nd and 3rd order
Bragg peaks with regard to the 1 st one can be retrieved from the diffraction spectrum.
Three
a

W/C LSM made of 31

Fig.

3.

-

Theoretical

profile for a laterally graded , LSM.

First we have to verify that the sample period d is approximately constant along the x direction
and close to the expected value 3 nm. The calculation of d from Bragg angles has been carried
out by means of the corrected Bragg’s law which takes dispersion into account, namely [17]

where

n

is the diffraction order,

where 8H and 8L

are

b is the mean decrement defined as:

the high and low refractive index material decrements respectively. It ensues
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that

linear relation between sin2 On and n2. If we take into account the first three orders
simultaneously, it is possible from a least square fit of the data to deduce the gradient À2 /4d2, and
later on d. The results are reported in table I. It can be seen that the period is approximately constant along the x direction (within the accuracy range of measurements) and close to the expected
value 3 nm.
There is

a

Table I.
teri,zation.

-

Experimental period vs x deduced from the diffraction spectra computed by X ray charac-

Figure 4 shows, as a function of x, the relative intensities of the 2nd and the 3rd order Bragg
peaks with respect to the first one. For convenience the two curves are represented on the same
figure. It is clear from this figure that the experimental behavior of the sample is in good agreement with predictions based on the dynamical theory. In particular the 3rd order reflectivity is at a
peak when the 2nd order is practically zero. According to the DT such a behavior means that the
experimental values of 1 belong to a range nearly centered on 1 0.5, which is connected with an
extinction for the second order reflectivity. It must be emphasized that the 3rd order reflectivity
displays a high ratio of noise to signal because of the very low intensity measurements related to
=

this order.
At this stage of our study we decided to assign the value 1 = 0.5 to the point located at x = 5
cm. This value is corroborated by transmission electron microscopy (see later on). For practical
applications it is important to determine the experimentallaw 1 = f (x) which may be used as the
calibration curve. Such a determination requires the knowledge of the interface slope between
the C and W layers. Actually this slope may be deduced from the geometry of the experimental
set-up. Preliminary experiments [9] related to a LSM with a laterally graded period enable us to
determine this slope; it has been found equal to 0.2 nm/cm. In order to be sure that this value
could be used for the present study we have manufactured a laterally graded period LSM in the
very same conditions that the laterally graded 1 LSM, whose characteristics are: 31 bilayers C/W,
1 = 0.5 (Fig. 5). The manufacturing technique has been described in reference [9].
Diffraction measurements performed at regularly spaced points of the sample made it possible
to determine the period d as a function of x. Figure 6 shows a plot d versus x for the first three order
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Fig.

4.

-

Relative intensities of the second order

(- - a - -) and the third order (20132013) Bragg peaks with

respect to the first one.

Fig.

5.

-

Theoretical profile for a

laterally graded period LSM.

spectra. There is clearly a linear dependance between d and x. The solid lines are least square fits
of the data. The first order has larger deviations from the linear fit than the higher orders because
used the Bragg law which neglects the index correction. This correction is more significant in
the first order. Because of the limits of the detector sensibility, the measurements for x greater
than 12 cm in the second order and 8 cm in the third order are very inaccurate.
In figure 6d, the calculation of d have been carried out by means of the corrected Bragg law

we
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Fig. 6. Diffraction measurements performed for a LSM with a laterally graded period for the first order
(a), the second order (b) and the third order (c). For each order, we deduced the gradient p and the correlation coefficient R. In (d), we used the corrected Bragg law and the first three orders for the calculations.
Experimental (from diffraction spectra); Least square fit of the data.
-

-

-

-

-

-

like in paragraph 4. In the range 0 x
8 cm the period d decreases linearly up to 2.5 nm and
the slope is found to be equal to 0.2 nm/cm, in good agreement with the expected value. Given
that 1 = 0.5 we deduced that the slope of the interface between the C and W layers of the laterally
graded 1 LSM is 0.1 nm/cm.
Thanks to the previous results and the estima te , = 0.5 for x
5 cm, the calibration curve
be
written
to
x
relating 1
may
=

with x in cm.
Given that d = 3

nm

and p

=

0.2

nm/cm, it follows that:

Hence, we have for instance 1 (0)

=

1/3 and,

(10)

=

2/3.
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Fig. 7. Computed reflectivity versus ’Y for the first three orders. The first order is at a peak for ’Y
(a). The second order presents a relative minimum for ’Y 1/2 (b) and the third order for ’Y 1/3
2/3 (c).

=

-

=

=

0.4
and
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5.

Computer simulations.

The experimental measurements can be compared with modeling calculations performed using a
recursive procedure initially developped by Paratt [18,19].
3 nm and a division
Each point x of the sample is equivalent to a sample with a period d
the
0
12
cm
with steps of 1 cm.
to
Our
x
range
parameter 1 (x ) .
experimental points belong
we
have
considered
for
the
to
division
our
versus
x,
of
03B3
According
parameter
experimental law
the range 1/3 1
11/15 with steps of 1/30.
Thus, for each value 1 (x), we have simulated a sample with the following parameters:
=

and we have

computed the reflectivity for the three first order as a function of x (Fig. 7).

Fig. 8. Reflectivity versus J for the second order (a) and the third order (b). - - a - - Experimental (X-ray
diffraction); -8- Computer simulation.
-

It may be seen that the first order is at a peak for 1 0.4. The second order presents a relative
minimum for 1 = 1/2 and the third order for 1 = 1/3 and 1 2/3. These results are in agreement
=

=
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with the DT predictions.
Finally, figure 8 shows the experimental and the computed curves for each order on the same
scales to emphasize their correlations.
For the second order, it follows from the curve that the correlation is satisfying even if there is
a relative disagreement for the last points (x = 10 cm and x = 12 cm) where the thickness of the
métal is more important. In this region, the absorption increases and consequently the reflectivity
decreases.
We already noted that the experimental curve was very noisy for the third order. But with
regard to the very low reflectivities in this order, the trend of this curve is correct and accounts for
the phenomena predicted by the theory.
6. Transmission électron

microscopy study (TEM).

In order to confirm the results presented in the previous sections, we undertook a transmission
electron microscopy (TEM) analysis. Indeed, TEM analysis yields a direct solution by image
formation from electron scattering. It provides local information on layer thicknesses, local peri-

odicity, roughness of layers...
Investigation of multilayer structures in cross section by means of a TEM is difficult because of
their thickness configuration. Some years ago, it has been shown that it was possible to observe
a multilayer in transmission electron microscopy [16, 20]. The procedure is as follows. After
preparing a multilayer, a microcleavage technique makes it possible to cleave thin wedges from
the multilayer. These wedges are deposited onto microscope grids and are orientated relative to
the incident beam in such a way that their cross sections become observable. If the wedges are
thin enough it is possible to obtain a good picture of the cross sections [21].
In this paper we used another procedure to prepare cross-sectional TEM specimens [22]. The
samples were first glued together face to face, and then a mechanical thinning to ~ 50 gm was
undertaken. Finally, argon-ion milling at liquid-nitrogen temperature was used to thin the specito electron transparency until a thickness
100 nm.
The TEM observations were performed with the electron beam parallel to the Si (111) axis
using a Philips EM 400 microscope and operated at 100 keV electron beam energy.
Three samples are presented here. For each of them, we obtained bright-field pictures and
diffraction patterns. These regions are equivalent respectively with estimated values of the 1
parameter of 1/3 (sample A), 1/2 (sample B) and 2/3 (sample C) (Fig. 9).
We recall that the multilayers were deposited onto (111) silicon substrates (silicon single-crystal
wafer 15 cm in diameter). For each sample, we used an optical comparator to measure the thicknesses of tungsten and carbon respectively. We deduced the mean period which must stay approximately constant for the three specimens and the mean parameters 1 (Tab. II).
The mean parameters 1 deduced from the electron micrographs are in good agreement with
those estimated from X-ray measurements. These results are quite conclusive given that in the
case of electron microscopy, we investigated a very small region of the sample compared with the
area scanned by the X-ray beam during a characterization by the diffractometer.
There is another way to measure the LSM’s mean period with improved accuracy. Indeed, because the LSM’s profile exhibit a regular periodicity, it is easy to obtain grating diffraction patterns
by means of an electron beam nearly parallel to the multilayer planes.
For the calculation, the microscope has to be calibrated. Actually, we use the fact that LSMs
are deposited onto well-oriented silicon (111) substrates. This allows us to obtain the LSM’s
diffraction and the substrate diffraction on the same pattern, the latter diffraction acting as a
mens
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Fig. 9. Photomicrographs of the cross section for three samples from the laterally graded , LSM. The
division parameters are respectively, = 1/3 (sample A), , = 1/2 (sample B) and, 2/3 (sample C).
-

=

Table II.
Characteristics (period and division parameter) of the laterally graded 1 LSM deduced
by the three methods: X-ray diffraction, TEM and electron diffraction.
-

reference. It’s then possible to deduce the LSM’s

mean

period d by using the equation:

where Dm is the (111) silicon diffraction-spot spacing and d111 is equal to 0.3138 nm. Figure
10 shows a complete multilayer stack from our sample with its diffraction pattern. We deduced
the mean period from measurements on each side of the zeroth diffraction order and for the first
three diffraction orders: d 3.8 nm.
In table II, we report the mean period calculated from the electron diffraction patterns for
the three samples A, B and C. It must be emphasized that the values deduced from electron
=
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Fig.

10.

-

resents the

Photomicrograph of the cross section for a sample from the laterally graded, LSM which repcomplete multilayer stack with its electron diffraction pattern.

much more accurate than those deduced from electron
agreement with the X-ray measurements.

diffraction

good

are

micrographs. They are in

7. Conclusion.

The results presented in this paper show that it is possible to manufacture laterally graded 1 LSM
that really exhibit the properties predicted by the DT Practical applications of such structures in
X-ray spectroscopy are obvious and this enhances the potentialities of the LSMs compared with
the familiar crystals used in X-ray spectroscopy.
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