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Characterization of low-Z material layer profiles in bilayer
structures by X-ray reflectivity measurement
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Abstract: A convenient method, low-angle X-ray reflectivity measurement method, is presented to
characterize the parameters of low-Z material layers in bilayer structures using X-ray diffractometer
(XRD). Because the low-Z material optical constant is similar to the silicon (Si) substrate, the change
of the low-Z material layer profiles is difficult to determine. Therefore, an ultra-thin metal layer is de-
posited as the Base Layer (BL) onto the substrate prior to the low-Z material layer. By choosing chro-
mium (Cr) as the BL material, three Cr/C bilayer films with different C deposition times are fabrica-
ted and measured. After the simulation of the reflectivity curves, the density of C is approximately
2.25 g/cm’, while the deposition rate of C layer is 0. 058 nm/s under our laboratory conditions.
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1 Introduction

High reflectivity multilayer films, made up
of alternating layers of highly reflective and
transmissive materials, have important applica-
tions in X-ray spectroscopy, X-ray microscopy,

121 Because of the multi-

and X-ray lithography
layer element special working region, the thick-
ness of each layer is in nanometer scales™®*. For
these films, parameters such as layer thickness,
interface roughness and material density play a
decisive role in achieving optimum performance.
Improvement in the method to determine the
profiles of materials in the multilayer structure
accurately is critically important in the develop-
ment of multilayer optics™ ™,

In multilayer structures low-Z materials
generally are deposited as the spacer layers
which do not play a leading part in the perform-
ance of multilayer elements, but they do influ-
ence the reflectivity of the multilayer. We can-
not determine accurately the parameters of mul-
tilayer structures if we ignore the effect of the
low-Z material layers. Consequently one could
not then produce the exact specimen according to
the design, so it is crucial to characterize their
parameters accurately in multilayer structures.

People frequently use X-ray low-angle re-
flectivity measurement to investigate the struc-
ture profiles of multilayers®*, However the da-
ta with such complex information can not prop-
erly characterize the parameters of the given ma-
terial. Some profiles like density and roughness
determine the performance of the whole multi-
layer structure, cannot obtain the real data con-
cerned accurately. Both the multilayer sample
preparation and the measured curve simulation
would take a long time. Here we present an ef-
fectual method using low-angle X-ray reflectivity
measurement to provide an accurate estimation

of the low-Z material layer structure. In previ-

ous investigations, we studied Ni films and W/

B,C bilayer films using a similar method™*!,

but we cannot simply investigate the low-Z ma-
terial layer using the same method. Here we
present a novel method to investigate the struc-
ture of low-Z material layer through the adoption

of metal BL.

2 Experimental details

For low-Z material, the optical constant is
usually close to that of the substrate materials
such as silicon and glass, and, consequently the
oscillation of a single low-Z material layer X-ray
reflectivity curve is difficult to detect. The
wavelike reflectivity curve of the low-Z material
single film varies only slightly, while the inten-
sity versus grazing angle curve decreases rapid-
ly. Hence we cannot estimate the change of the
layer structure accurately. Here we deposit an
ultra-thin metal layer on the substrate prior to
the low-Z material layer, which makes it much
easier to measure the change of layer thickness
from X-ray reflectivity data. Fig.1 shows the
theoretical comparison of a C layer on a silicon
substrate before and after depositing a 1 nm Cr
layer as the BL.

To find the most appropriate BL. material,
four metal materials including tungsten, cobalt,
molybdenum and chromium were considered.
Fig. 2 shows the theoretical reflectivity curves of
30 nm C layer with four different metal materials
as the BL where the thickness is 1 nm. We find
that the reflectivity curve with Cr as the BL ma-
terial fluctuates more than that the other metals,
and the reflectivity intensity decreases more
slowly than other materials, so that the measur-
ing range can be increased. Accordingly Cr was
chosen as the BLL material in this experiment.

Three Cr/C bilayer samples with different C
deposition times were fabricated by using an ul-
tra-high vacuum dc magnetron sputtering coater,
model JGP560C6, from a 10 cm diameter target
of Cr (99. 95% purity) and C (99. 95% purity)
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Fig. 1 Theoretical comparison of 30 nm C film with

and without 1 nm Cr BL
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Fig. 2 Reflectivity curve of 30 nm C layer with the
four different metal materials as the BL with
thickness 1 nm. From top to bottom the BL

materials are Cr, Co, Mo and W.

in Ar (99. 999% purity). The base pressure in
the deposition chamber before deposition was 5
X107° Pa. The sputtering took place at a pres-
sure of 0. 106 Pa. Super-polished Si (100) wa-
fers measuring 20 mm X 30 mm were used as
deposition substrates which were placed about 8
cm above the target. The substrate temperature
was not controlled during the deposition
process. The time a sample stays over the target
can be used to control the thickness of each lay-
er. Alternatively, by facing the substrate toward
each target for a predetermined time the films
were fabricated, and using a stepping motor con-
trolled by a computer the deposition time can al-

so be controlled.

It is important to investigate and increase

information about the thickness, roughness and
density in thin-film structures. Furthermore, a
precise estimate of these parameters can be ob-
tained through curve-fitting of the X-ray reflec-
tivity measured data. Consequently, after fabri-
cation, low-angle reflectivity curves of the bilay-
er samples with different thicknesses were meas-
ured using an X-ray diffractometer, which was
the main technique used to determine the thick-
ness of thin films for deposition-rate calibration.
The instrument is the Bede D' system which was
manufactured by the Bede Company in the UK.
The voltage and current values for the copper
anode were —30 kV and 20 mA, respectively. A
collimated beam of X-rays from copper Ko emis-
sion at wavelength of 0. 154 nm was generated
and incident on a sample. For diffraction at graz-
ing angles, the XRD reflectivity was obtained by
measuring the reflected beam intensity as a func-
tion of the reflectivity angle over the angular
range 20. The film thickness was determined by
fitting the diffraction data to the Fresnel equa-

tions. The fitting parameters include the carbon
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Fig. 3 XRD measured data of Cr/C bilayer structure

deposited on Si substrate and the fitting data
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film thickness and the roughness of both the sili-
con substrate and the carbon surface expressed
in the form of a Debye-Waller factor. A series of
bilayer X-ray reflectivity curves recorded as a
function of reflectivity angle and simulation

curves are shown in Fig. 3.

3 Results and discussion

In this paper we employed an evolutionary
algorithm called ‘Differential Evolution’ to fit the

[5] Through simple muta-

experimental data
tion, recombination and selection schemes, pa-
rameter vectors with better fitting are found.
The ability to explore many different areas of pa-
rameter space simultaneously is a key to their
success, Assuming that there are N measured
points (0, ,1;) in the measured data, where 0, is
the incidence angle, I, is the intensity measured
1.2, .

at 0, and j = . N, we obtain the er-

ror function:

Tab. 1

2 | logl, —logI(6;;p) |

i=1

1
E(p) = ﬁ
The vector p=[p;s pss. , p, | involves n ad-
justable parameters which are used to construct a
model that describes approximately the sample
structure. The theoretical calculation of the sup-
posed structural model is compared with the ex-
perimental data using the error functions E(p).
The error functions adequately describe the data
at low intensities occurring at large scattering
angles but they have low sensitivity to outlying
data points (due mainly to statistical noise in the
experimental data). They also contain informa-
tion on the smallest length-scales present in the
structure, which are often those at which the X-
ray characterization is aimed™'*’.

Fig. 3 shows both measured and simulated
curves of bilayer structures. Six adjustable pa-
rameters: density, layer thickness, and interface
roughness of both Cr and C layers were obtained

by fitting the experimental data.

Structure parameters obtained from the recursive formalism.

(d is layer thickness, p is material density, and ¢ is roughness of each film interface)

Specimen dc, (nm) dc (nm) ocr (g/em®) o (g/em®)  Gsupsirae (NM) ocr (nm) oc (nm)
A 1. 56 10. 30 6.79 2. 24 0. 38 0. 54 0.57
B 1. 58 15. 58 6.79 2.25 0. 37 0.48 0.53
C 1.58 20.78 6.79 2.25 0. 35 0.41 0.52

As can be seen in the fitting results
(Tab. 1), the surface roughness and the layer
interface roughness both decrease as C layer
thickness increase. From the calculated results
we can observe that both the thickness and the
density of Cr keep nearly constant when the C
thickness changes, which indicates that the fab-
rication is stable. This is also helpful in the re-
search of low-Z material parameters, and it also
ensured that the simulated data of the C-layer
structure is realistic.

For the low-Z material parameters, it is

perhaps strange that the densities are almost e-

qual to the bulks” values. First, it is due to the
deposition method using DC magnetron sputte-
ring, which normally results in a high-quality
film structure. Second, the densities can be in-
fluenced by diffusion or intermixing of Cr atoms
into the C layer and vice versa. The data also in-
dicate that with an increase of the C deposition
time the interfacial roughness between Cr and C
decreases which can explain the preparation dif-
ficulty of ultra-short period multilayers. Further
the surface roughness of the C layer exposed in
the air is almost same as the variation in the in-

terfacial roughness between Cr and C. This re-
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presents the advantage of X-ray reflectivity anal-
ysis which can detect the embedded information
while some surface analytical technologies such
as AFM that only focus on the exterior informa-
tion.

Then using the sputtering time of each film
(Tab.2), we can determine the deposition rate
for the experimental condition accurately as r=

0.058 nm/s (Fig. 4).

Tab.2 Results of deposition rate calibration

Specimen A B C

C thickness/nm 10. 30 15.58 20.78
Depositing time/s 174 264 354

;g [ Carbon deposition rate 7=0.058 nm/s |
20¢
18}
16}
14}
12+
10}

Thickness of C layer/nm

150 200 250 300 350 400

Deposition time/s
Fig. 4 Fitting curve of deposition time versus C lay-
er thickness. The regression coefficient of
the fitting line is 0. 999 99, and the deposi-

tion rate r is 0. 058 nm/s.
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4 Conclusions

Using the low-angle X-ray reflectivity meas-
urement we have presented an effecting method
to determine the parameters of the low-Z materi-
al layer in a multilayer structure. With the em-
ployment of an ultra thin metal film we can ob-
serve the change of C film profiles especially the
layer thickness, which makes the low-Z material
deposition rate calibration more straight for-
ward. We found that the interface roughness de-
creased slowly with the increase of the C layer
thickness. Compared with simulation of the
multilayer structure, it is much simpler to obtain
the accurate structure profiles by fitting the
measurement data of bilayer samples and time
for sample preparation and measurement curve
simulation is much shorter. The density and the
deposition rate of the C layer are more easily to
obtained by this method which is helpful in con-
trolling the quality of the multilayer structure.
In this experiment, the density of the C film is
2. 25

0.058 nm/s. This convenient method is an ef-

g/cm® and the deposition rate is
fective improvement of multilayer studies.
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