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X-ray reflectometry and spectroscopic ellipsometry methods were applied for determination of physical prop-
erties of gold nonolayers. The nanolayers were prepared by sputtering of gold on different substrates: borosilicate
glass, polished crystalline quartz and crystalline silicon. With X-ray reflectometry technique roughness of the
substrates and density, thickness and roughness of gold layers were determined. The results showed decrease in
density of the gold layers due to their nanometer thickness and that roughness of the underlayer affects roughness
of the gold layer. In addition, thicknesses of the gold layers measured with spectroscopic ellipsometry turned out
to be in agreement, within the experimental uncertainty, with results of the X-ray reflectometry method.
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1. Introduction

Interactions of complex biomolecules (DNA, RNA,
proteins, antibodies) with solid surfaces, due to their
potential application as the biosensor and biomolecular
electronics, play very important role in many research
areas: biology, biotechnology, chemistry, physics and
medicine. Consequently, understanding of the interac-
tion and achieving the ability for controlling of behav-
ior of such biological objects on solid surfaces are the
main aims of studies performed nowadays (see e.g. [1]).
However, in order to use the biomolecules in functional
devices it is essential to immobilize the biomolecules on
surfaces in uniform and stable form [2]. One of the of-
ten used methods for this purpose is forming a sulphur
containing self-assembled monolayer (SAM) on a gold
surface using strong chemical bonds between gold and
sulphur and next immobilization of sulphur-terminated
biomolecules to a gold surface modified by the SAM [1, 2].
In most cases in such studies a gold surface is prepared
by deposition of thin gold film, having a thickness from
10 to hundreds of nm, on different substrates. Because
properties of such gold films (nanolayers) are significantly
different, then thick (bulk) gold [3] precise determination
of these properties is necessary for full understanding of
a biomolecule-metal surface interaction.

In this study, we use X-ray reflectometry (XRR) and
spectroscopic ellipsometry (SE) methods for determina-
tion of physical properties of gold nanolayers prepared
by sputtering of gold on different substrates. With XRR
roughness of a substrates and density, thickness and
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roughness of gold layers were obtained. For comparison
thickness of the gold layers was additionally determined
from SE method.

2. Experiment

2.1. Substrates and Au nanolayers

The gold layers studied in this work were pre-
pared in Institute of Electronic Materials Technology
(ITME, Warsaw, Poland) by sputtering of gold on
borosilicate glass (BK7), polished crystalline quartz
Si05(100) or crystalline silicon. The size and thickness of
the substrates were 2 cm x 2 cm and 1 mm, respectively.
Declared thickness of the gold layers was 50 nm + 2 nm.
Before sputtering of gold the substrates were covered by
evaporation with about 2 nm chromium layer in order to
improve adhesion of the gold film to the substrate.

2.2. Diagnostic techniques

In order to determine properties of the nanolayers we
used XRR and SE methods. The XRR method [4], which
uses the effect of total external reflection of X-rays, is
surface sensitive analytical technique for investigation of
the near surface regions of different sample systems in-
cluding single crystalline, polycrystalline and amorphous
samples, polymers, organic samples and fluids. Specular
reflection of X-rays on thin film of such samples above
critical angle of total reflection gives rise to regular os-
cillations, so-called Kiessig fringes [5]. These oscillations
are result of reflection of X-rays at each layer and further
interference of X-rays reflected from different layers of
the sample. This phenomenon allows the measurement
of thin film thicknesses of single and multilayer systems
in the range from 0.1 nm to 1000 nm, depending on the
analytical instrument used. A full reflectometry pattern
obtained for the reflection angles from 0° to about 5°
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allows modelling density profiles of near surface regions
and roughness of surfaces and substrates.

In this work XRR measurements were performed with
PANalytical X’Pert PRO MPD diffractometer equipped
with Cu-anode X-ray tube and configured for reflectom-
etry with parallel beam. In the incident beam Cu-X-ray
path W/Si parabolic mirror with 1/8° divergence slit and
1.4 cm mask was mounted, while in the reflected beam
path parallel plate collimator (0.18°) and X’Celerator de-
tector. The angle of reflection (#) (between direction
of the incoming beam and sample surface) was changed
from 0 to 2.5° with step of 0.005° (time per step was 8 s).
As a result time of one measurement was about 1 h.

Thicknesses of the gold layers determined from fitting
of an experimental reflectivity pattern were compared
with the results obtained with SE method. The SE is
non-invasive and non-destructive technique which mea-
sures the changes in the state of polarization of light upon
reflection from a surface [6]. The polarization change is
represented as an amplitude ratio ¥, and the phase dif-
ference A. The measured parameters depends on optical
properties and thickness of individual materials and, as
a result, ellipsometry is primarily used to determine film
thickness and optical constants [7].

The SE measurement were performed using Sentech
SE 800 PV spectroscopic ellipsometer from Sentech In-
struments GmbH. This ellipsometer is based on Step
Scan Analyzer measurement mode, wide spectral range
compensator, and thermoelectrically cooled, high sensi-
tive CCD based multiplex detection, dedicated to fast
and accurate measurements of refractive index, absorp-
tion and film thickness [8]. During measurements, dis-
cussed in this article, the light spot was 2 mm in diam-
eter and the incident angle was set to 70°. The mea-
surements were performed in the wavelength (\) range
from 400 to 800 nm with sampling step 1 nm.

3. Results and discussion

In order to determine the crystal structure of the gold
layers X-ray diffraction measurements using X'Pert Pro
MPD diffractometer were performed. In Fig. 1, as an
example, diffraction pattern measured for 50 nm gold
layer deposited on the quartz substrate is shown. In this
figure, diffraction peaks of gold, chromium and quartz
substrate are identified and marked. The measurements
showed that the gold layers have polycrystalline structure
with preferred orientation of grains in the (111) direction.

The reflectivity patterns measured for 50 nm gold layer
deposited on BK7, SiO, and Si with XRR method are
shown in Fig. 2. Density of the layers forming the sam-
ple, their thickness and roughness can be obtained by
fitting a modelled theoretical curve to the experimental
reflectivity pattern. In Fig. 2 results of fitting of the mea-
sured reflectivity patterns performed with X'Pert Reflec-
tivity 1.3a (PANalytical) program are presented. This
simulation program bases on the Parratt formalism for
reflectivity [4]. The key parameters used in the equa-
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Fig. 1. Diffraction pattern obtained for 50 nm gold
layer deposited on the quartz substrate.
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Fig. 2. Reflectometry patterns (black lines) measured
for the gold layers deposited on different substrates:
borosilicate glass (BKT7), polished quartz (SiO2) and
crystalline silicon (Si) compared with theoretical curves
(red lines) obtained using X'Pert Reflectivity 1.3a soft-
ware (PANalytical).
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tion are materials parameters, which define the refrac-
tive index and linear absorption as a function of depth,
and instrumental parameters, which define the incident
beam characteristics. The refractive index is a function
of the wavelength of the radiation and the electron den-
sity of the material. During the simulations, for each
angle of incidence, the relative reflected intensity is cal-
culated following a recursive formula which combines
the reflected and transmitted amplitudes layer-by-layer
throughout the whole sample depth [9]. In Fig. 2 the ex-
perimental reflectivity patterns are compared with, first
modelled, and next fitted to the experimental data, theo-
retical reflectometry patterns. The very good agreement
between the experimental patterns and modelled theo-
retical curves allows to determine roughness of the sub-
strate, and density, thickness and roughness of chromium
and gold layers.

The results are summarized in Table I. Analysing the
results in the table it can be seen that obtained thickness
of the gold layers agrees within the uncertainties, with the
thickness declared (50+£2 nm) by producer of the samples.
Chromium layers are slightly thicker than declared. Den-
sities of the 2 nm chromium layers, obtained from the fit,
surprisingly agree within the experimental uncertainties
with the value for bulk chromium (7.19 g/cm?). Usually
densities of such thin nanolayers significantly differ from
the bulk density but nanolayers densities could also de-
pend on the deposition process and possible inhomogene-
ity of the layers. Fitted densities of gold layers are lower
than density of the bulk gold (19.3 g/cm?). The reason
of this is nm thickness of the layers. For gold layers thin-
ner than 100 nm density begins to decrease and reaches
a value of about 15 g/cm? for thickness of 10 nm [3]. Our
results fairly well agree with results presented by Siegel
et al. [3]. They estimated that density of 50 nm gold layer
is in the order of 1840.5 g/cm?®. Analysing roughnesses
presented in Table I one can see that the lowest roughness
(0.81 nm) of the gold layer is obtained for gold deposited
on polished quartz (SiO2). It is clearly connected with
low roughness of the substrate. On this basis it can be
concluded that roughness of the substrate affects thick-
ness of the deposited nanolayers. This conclusion agrees
with the results of Chalupka et al. [10]. They showed,
on gold layers example, that morphology of substrate af-
fects not only speed of the layer growth but also layer
thickness, roughness and stability [10].

In Fig. 3, as an example of data obtained with SE
method, the ¥ and A curves measured for 50 nm gold
layer deposited on crystalline silicon substrate are pre-
sented. In this figure the measured ¥ and A curves are
compared with modelled and fitted theoretical curves.
The curves were simultaneously fitted to the experimen-
tal data with SpectraRay/3 software (Sentech). Perform-
ing the fit we found that the influence of the Cr layer
(2-6 nm) on the determined thickness of the Au layer
is negligible, within the fit uncertainty. Obtained good
agreement between the modelled curves and experimen-
tal data allows to determine thickness of the gold layers.
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TABLE I

Roughness of the substrate, and density, thickness and
roughness of chromium and gold layers obtained by fit-
ting experimental data with modelled theoretical curves
for gold layer deposited on BK7 substrate, polished
quartz and crystalline silicon.

layer ‘ density [g/cm®] ‘ thickness [nm] ‘ roughness [nm]|

BK 7 substrate

Au 18.3£0.2 50.64+0.9 1.2240.01
Cr 9.37+2.5 3.384+0.47 1.29+0.20
BK7 2.20 1000000 1.38+0.26
polished quartz (SiO2)
Au 18.8+0.1 48.440.1 0.8040.01
Cr 7.014+0.57 2.7940.03 0.7240.03
SiO2 2.64 1000000 0.5640.05
crystalline silicon (Si)
Au 18.34+0.2 48.0+0.3 1.56+0.06
Cr 9.01+1.4 2.5440.7 0.8740.05
Si 2.33 1000000 1.31£0.35
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Fig. 3. ¥ and A curves measured with SE method

(black lines) for gold layer deposited on crystalline sil-
icon compared with theoretical curves (red lines) ob-
tained using SpectraRay/3 software (Sentech).

The results are summarized in Table II and compared
with the thicknesses extracted from XRR measurement.

Comparing the results presented in Table II one can
see good agreement between both methods. The at-
tention draws two effects: large uncertainty obtained
with XRR technique for glass substrate and significantly
higher thickness obtained for SiO5 and Si substrates with
SE technique. The reason for the first effect is not clear
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TABLE II

Thicknesses of gold layers obtained from SE measurement
compared with the results of XRR method.

substrate | thickness XRR [nm] | thickness SE [nm)]
BKT7 50.6£0.9 49.8£0.3
SiO2 48.44+0.1 49.6+0.3
Si 48.0+0.3 49.6+0.2

at the moment and needs further investigation. The sec-
ond effect was already observed. Performed systematic
studies showed that spectroscopic ellipsometry results in-
dicate systematically higher film thickness as compared
to XRR measurements [11]. The probable reason for that
is influence of the substrate.

4. Conclusions

In this study XRR and SE techniques were applied for
determination of physical properties of gold nanolayers
prepared by sputtering of gold on different substrates:
borosilicate glass, polished quartz, and crystalline silicon.
An important advantage of spectroscopic ellipsometry
is much easier measurement, thus this method is ideal
for the rapid estimation of the thickness of the layer.
In reflectometry, time-consuming aligning is necessary
due to very low angles used in the measurement. In this
paper, roughness of the substrates and density, thickness
and roughness of gold layers were determined using XRR
technique. Additionally, thickness of the gold layers were
determined from SE method. We conclude that thickness
of the gold layers determined with SE are slightly higher
for SiO, and Si substrates then obtained using the XRR
method. Moreover, the results showed that density of
the layers is lower than the density of the bulk gold, due
to their nanometer thickness, and roughness of the un-
derlayer affects significantly roughness of the gold layer.

In the future we plan to use XRR and SE techniques to
study gold layers prepared with different techniques and
with different thicknesses. We would also like to per-
form precise measurements of the samples structure us-
ing grazing incidence X-ray diffraction (GIXRD) method
and photoelectron spectroscopy (XPS) technique.
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