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Abstract: The activities of CSEM’s XRD Application Lab are oriented towards the analytical support of technology
andproductdevelopment in the fieldsofmaterials sciences,microtechnology,physics, chemistry, nanotechnology
and life sciences. Non-destructive X-ray diffraction methods are used for the structural investigation of materials,
components and systems. New developments are made with a focus on in situ techniques to ‘watch the action’
– structural transformations in dependence of applied external fields such as temperature, humidity, magnetic
fields or mechanical stresses.
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The XRD Application Lab

The X-ray laboratory was created in
2006 at the Institute of Microtechnology
of the University of Neuchâtel and was
shared between the University of Neu-
châtel and CSEM. A joint effort was con-
ducted to the creation of this new analyti-
cal platform, the XRD Application LAB,
which has been growing constantly over
the last years. Initially active in three-
dimensional (3D) structure determina-
tion for new compounds synthetized by
chemists of different Swiss universities,
mainly in the framework of BENEFRI
(cooperation between the universities of
Bern, Neuchâtel and Fribourg), the activ-
ities have been extended to the study of
structural phenomena in various types of
materials related to the rapidly developing
fields of physics, materials sciences, biol-
ogy and microtechnology. Since 2008, the
XRD Application Laboratory (Fig. 1) is
part of CSEM’s Microsystems Technology
Division. The laboratory has been certified
with a quality management system ISO
9001:2008.

The laboratory provides support in
technology and product development in-
sideCSEMand for industrial clients,which
is one of the main missions of CSEM as a
ResearchTechnologyOrganization (RTO).
Strong partnerships have been established
to national research institutes such as Swiss

Universities, ETHZ, EPFL, Swiss Federal
Laboratories for Materials Science and
Technology (EMPA) and the Paul Scherrer
Institute (PSI). The contact with industrial
clients is established through direct man-
dates and within national projects through
Public-Private Partnerships (PPPs) sup-
ported by the Commission for Technology
and Innovation (CTI) or the Competence
Centre for Materials science and technol-
ogy (CCMX).

Technology progress is strongly con-
nected to the usage and parallel develop-
ment of state-of-the-art analytical tools. In
a product development phase, the analyti-
cal support for the structural evaluation is
of key importance as this important feature
is responsible for the product’s macroscop-
ic physical properties and hence, its per-
formance and functioning. A fine-tuning
of the structure with respect to the product
application is performed based on process
developments, adaptations and optimiza-
tions (Fig. 2).

In our laboratory, we have developed
a number of in situ techniques where
structural analyses are carried out under
applications of external stresses such as
mechanical loads, temperature variations,
humidity or magnetic fields. This enables
us to investigate materials and systems

properties under load related to their fu-
ture working conditions and to do aging
analyses.

Applications of XRD for Industrial
Purposes

Single Crystal Structure
Determination

Single crystal structure determination
is the most important technique to charac-
terize new compounds. No other analytical
technique currently available can provide
such complete and unambiguous informa-
tion of molecular structure. The types of
atoms, the crystal packing and the mol-
ecule’s absolute structure configuration
can be determined providing information
on intra- and inter-molecular contacts.[1–3]
Crystal phase transitions are investigated
in collaboration with the University of
Neuchâtel.

X-ray Powder Diffraction (XRPD)
X-ray powder diffraction is a rapid an-

alytical technique primarily used for phase
identification of crystalline pure andmixed
phase materials, giving accurate informa-
tion on the unit cell dimensions. Phase
identification and quantification as well as
an average crystallite size and strain deter-

Fig. 1. The XRD Application Lab at CSEM in Neuchâtel.
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discussed below. The volume-weighted
particle size distribution D

v
(R) of the sam-

ple is shown in Fig. 4. This graph indicates
that the sample contained particles hav-
ing a radius predominantly in the range
of 210–330 Å

´
, with a volume-average of

275 Å
´
and a relative standard deviation

(size poly-dispersity) of 11%. The average
diameter for the sample (1) was found to
be 28(2) nm, while for the sample (3) about
84(3) nm was obtained. The distributions
and the mean sizes of the suspensions con-
taining the SiO

2
nanoparticles are in good

agreement with the information from the
producer.

As a next step, a mixture of three
Klebosol’s suspensions was prepared in
the ratio 2:1:1 (25 nm : 50 nm : 80 nm)
of SiO

2
nanoparticles. This experiment

was carried out in order to demonstrate the
ability of the SAXS method to distinguish
three different distributions of the nano-
particles at once. As it can be seen from
Fig. 5, the tri-modal size distribution can
be obtained from SAXS data analysis. The
obtained values are clearly in agreement
with those measured for each suspension
separately. Moreover, the distribution for
the different systems can be distinguished.

It has been successfully shown that the
SAXS technique is a beneficial tool for
evaluating not only simple size distribu-
tion of the spherical particles, but also the
size distribution of complex particle mix-
tures. We believe that the studies provided

mination can be performed.[4,5] Ab initio
structure resolution for crystalline pow-
ders can be done; the resulting structural
parameters are Rietveld refined. Within
the last years, especially small-angle X-ray
scattering (SAXS) has been extensively
used and developed in our laboratory for
different application areas. In the follow-
ing, an example is given for the study of
gold nanoparticles with potential applica-
tions in medical diagnostics.

Quality Control for Nanoparticles
by SAXS

It is well known that all physical and
chemical properties are size-dependent.
The size on the nano-scale has significant
outcome on the properties of materials,
which have found their application in dif-
ferent fields, especially in nanotechnology.
SAXS[6] is a technique where the elastic
scattering of X-rays by a sample, which
has inhomogeneities in the nm-range,
is recorded at very low angles (typical-
ly 0.1–10°). This angular range contains
information about the shape and size of
objects, characteristic distances of par-
tially ordered materials, pore sizes, and
especially the object size distribution. In
addition, the surface-to-volume ratio can
be determined. The materials can be solid
or liquid and they can contain solid, liquid
or gaseous domains of the same or another
material in any combination.

Theclear advantageofSAXScompared
to other techniques is the better statistical
quality in the particle size distribution ob-
tained by one single SAXS measurement,
because an ensemble of particles contrib-
utes to the diffraction. SAXS is applied for
nanoparticles (or pore) size distribution in
a range from 1 to 100 nm in nanopowders,
colloidal suspensions, porous materials
and nanocomposites with almost no sam-
ple preparation.

In order to demonstrate the power of
SAXS methods, we present the analyses
madeoncommerciallyavailableKlebosol’s
suspensions of silica (SiO

2
) nanoparticles

of 25 nm (1), 50 nm (2) and 80 nm (3).[7]
Each suspension contained nanoparticles
of a different mean size, which were char-
acterized by a well-defined spherical shape
and a narrow size distribution. In Fig. 3 the
measured scattering curves of three sam-
ples are shown.

As an example of the particle size dis-
tribution analysis, the sample (2) will be

Fig. 2. Technology development support provided from our analytical platform.

Fig. 3. Experimental
scattering curves
of the samples
containing silica na-
nospheres with an
average diameter of
25 nm (1) (blue), 50
nm (2) (green), 80
nm (3) (pink) and the
corresponding back-
ground measurement
of water (red).

Fig. 4. The vol-
ume-weighted
particle size distri-
bution Dv(R) curve
(red) together with
a Gaussian approx-
imation (green) and
with a cumulative
undersize (blue) of the
sample (2).
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during this investigation can help industry
to perform batch to batch reproducibility
checks. Hence, a direct quality control can
be offered on nanoparticle systems also on
the industrial scale.

Wide-angle X-ray Diffraction
(WAXD)

Wide-angle X-ray diffraction (WAXD)
is often used to determine the phase com-
position of a thin film, coating or solid. The
preferred crystallite orientation or texture
of the thin film or bulk material, residual
stresses and crystallite sizes can be deter-
mined. The great advantages of this tech-
nique are: the simplicity of sample prepa-
ration, the rapidity of measurement, and
the ability to analyse mixed phases, and to
do in situ structure determinations.

Our laboratory is active in technical
and analytical support for the development
of new coating together with the Swiss in-
dustry. One example is our collaboration
with Oerlikon Balzers Coating AG for
cathodic arc deposition of ternary oxides
which can be used for a wide variety of
applications, e.g. for thermal barriers, ox-
idation and chemical protective coatings,
diffusion barriers, or for wear protection
in tribological systems.[8–11] In order to
achieve the required physical properties
for such applications, the composition and
the crystal structure of the deposited mate-
rial are of primary importance. To control
these parameters, it is necessary to under-
stand the process related to the oxide syn-
thesis. We are therefore active in analys-
ing the phase transformation at the target
(cathode) surface after the arc process and
to correlate it with the phases obtained in
the coating. One example is given in Fig. 6
for an Al-Hf composite target and the ob-
tained respective coatings. 2θ scans with a
1° grazing incident angle are typically used
to analyse the coating in order to avoid the
signal from the substrate. Rietveld refine-
ment on 2θ/ω scans is used to determine
the phase composition of the cathode sur-
face (Fig. 7).

WAXD in situ high temperature meas-
urements up to 1300 °C (Fig. 8) are used to
monitor in detail the oxidation process of
the intermetallic in the layer and to probe
the stability of the coating. An example
is the transformation of Al-Cr intermetal-
lics. It can be shown that solid solutions of
(Al

1-x
Cr

x
)
2
O

3
with corundum structure are

formed and grow starting from 850 °C. The
phase is stable up to 1300 °C, and thus acts
as a thermal barrier.

High-resolution X-ray Diffraction
(HRXRD) Analyses for
Microsystems and Packages

Mechanical strains are at the source
of varied failure modes of microsystems.
In silicon-based micro-electromechani-

Fig. 5. Size distri-
bution functions
obtained by SAXS
measurement of a
mixture of 25 nm
(red), 50 nm (blue)
and 80 nm (yellow)
nanoparticles, with
a respective ratio of
[2 : 1 : 1]. The colour-
ed surfaces represent
the areas of integra-
tion.

1 µm

O2

Pure Al and pure Hf

Virgin cathode surface Cathode surface after arc operation Deposited layer

Intermetallics +
oxides500 µm 500 µm

Fig. 6. SEM images of a composite Al-Hf cathode surface before (left) and after the arc operation
(middle) and the associated deposited layer (right).
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Fig. 7. WAXD phase analyses of an Al67Hf33 cathode surface after arc operation with and without
oxygen atmosphere (top) and the associated deposited layers (bottom).
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cal systems the two main symptoms of
ageing and failure related to mechanical
strains are (instantaneous) fracture, (slow)
drift and degradation of the device perfor-
mance. These are induced by mechanical
loads to which a system is exposed in oper-
ation or by residual strains built up during
fabrication, packaging and assembly. Early
detection of strains during fabrication and
quality control of ready-for-use devices is
crucial in guaranteeing the desired func-
tionality. High-resolution X-ray diffraction
(HRXRD) is an accurate, non-destructive
experimental method to evaluate strains,
defects and deformation of device parts
and is therefore very well suited for quality
control during the full device life-cycle.[12]

The method is based on precise map-
ping of the diffraction peaks in reciprocal
space. The position, shape and background
of the Bragg peaks contain information
on the strain distribution, orientation and
quality of the crystal. From Bragg’s equa-
tion (nλ = 2dsin(θ)) it is apparent that the
smallest detectable strain, i.e. the variation
in the lattice parameter d, depends on the
dispersion and divergence of the incident
X-rays and the spatial resolution of the
detector. By using beam-shaping elements
such as X-ray mirrors and monochroma-
tors to enhance the quality of the incident
beam and by applying a secondary mono-
chromator in front of the detector the reso-
lution in reciprocal space can be increased
so that a strain sensitivity of 10–4 can be
achieved routinely in laboratory X-ray
instruments. Besides the excellent strain
sensitivity HRXRD offers additional dis-
tinctive advantages for material and sys-
tem investigations. As diffraction is only
dependent on the spacing between atom-
ic planes, single elements of the strain
tensor can be assessed. The penetration
depth of X-rays (on the order of 100 µm
in semi-conductors) allows the investiga-
tion of sub-surface structures in a nonde-
structive way. The limits of the spatial res-
olution in HRXRD are influenced by the
beam size and the X-ray penetration depth

as the whole illuminated volume contrib-
utes to the diffracted intensity. Areas with
different crystallographic properties can
nevertheless be discerned because of the
differing diffraction angles. Simulations
of the strain distribution by Finite Element
Methods (FEM) are used to compare the
experimental diffraction patterns with sys-
tem models, supporting the interpretation
of the data.[13] For product and process de-
velopment and quality control, laboratory
X-ray instruments offer excellent condi-
tions in accessibility, cost, speed and data
quality.

In the following the use of X-ray dif-
fraction measurements for quality control
and process qualification in example pro-
cesses used in microsystems technology
are reviewed and discussed to illustrate the
benefits HRXRD offers for industrial re-
search and development activities.

Microelectromechanical Systems
(MEMS) Packaging and Assembly

Miniaturization and densification of
functional elements leads to a continuous
reduction of the separations between struc-
tures, and thus stresses built up in one place
can radiate and affect the surrounding.
Encapsulation and especially wafer-level
packaging (WLP) can provide protection
from environmental hazards and gains in
processing speed and cost due to paralleli-
zation. On the other hand, packaging-in-
duced residual stresses can pose a serious
threat to the long-term functioning of mi-
crosystems. In addition, the packaging can
directly influence the functioning and per-
formance of the system. Residual stresses
by packaging are induced by mechanical
pressure during bonding, by a mismatch
of the coefficient of thermal expansion of
adjoined materials or from shrinkage of
(polymer) encapsulants. Rocking curve
measurements have been made to evaluate
strain gradients close to bonding interfac-
es and to correlate the degradation during
accelerated aging tests with changes in the
strain level of MEMS components.[14,15]

The distortions induced by attaching
MEMS on a printed circuit board (PCB)
have been investigated.

We have investigated the wafer-level
packaging stress in MEMS resonator de-
vices.[15–17] The system was based on sil-
icon-on-insulator (SOI) wafers where the
active structure was etched into the device
layer. SOI wafers consist of a thin (10–100
µm)device layeranda thick(~500µm)han-
dling wafer, i.e. two different monocrystals
which are separated by a thin silicon oxide
layer. They are not perfectly aligned and
thus their diffraction peaks are offset in re-
ciprocal space, so the handling wafer can
be used as an internal reference. In Fig. 9,
a comparison of the measured reciprocal
space maps of the resonator MEMS prior
to bonding (Fig. 9b) and after packaging
(Fig. 9c) are shown. The diffraction of the
device layer was split into two distinct
peaks, corresponding to the interfaces to
the buried oxide and to the devices surface
to which the cap was bonded. Small chang-
es were observed after packaging, showing
that the applied packaging method estab-
lishes a bonding but influences the device
only in a minor manner.

Epitaxial Growth of ‘Incompatible’
Materials

The epitaxial growth of germanium on
silicon allows standard electronic devices
to be created with the superior properties
of germanium as high electron density
and high electron mobility. However, due
to the large mismatch of unit cell size and
thermal expansion coefficient, the two
materials are virtually ‘incompatible’ and
internal stresses are relaxed by formation
of defects already after the growth of only
few monolayers. New approaches to grow
defect-free germanium on silicon using a
process which is compatible with standard
complementary metal oxide semiconduc-
tor (CMOS) technology have been stud-
ied[18–20] and significant improvements
of the crystal quality have been made by
growing the germanium on micro-struc-
tured silicon. During the development of
the process HRXRD was used to deter-
mine the stresses, distortions and defects in
the germanium and the silicon with high-
est precision. The diffraction experiments
confirmed that stress-free and low-defect
germanium layers can be grown on silicon
with high thicknesses of tens of micro-
metres (Fig. 10).

The high strain sensitivity of HRXRD
in high-quality monocrystalline materials
such as silicon, germanium and sapphire
makes it a powerful tool for precise anal-
ysis of the stress distribution in microsys-
tems. In complex structures the crystalline
material can also be used as a strain gauge
for interfacing materials and nearby struc-
tures. In addition, the diffuse scattering al-

XRD
source

High temperature
chamber with Pt strip
at 1500°C

Detector

Fig. 8. XRD chamber
heated up to 1500 °C
(1300 °C at the layer).
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lows the investigation of process-induced
defects.

These examples illustrate that it is pos-
sible to access detailed information about
the strain distribution, defects and distor-
tions in MEMS materials, devices and
packages by high-resolution X-ray diffrac-
tion techniques.By revealing such features,
these methods support the quality control
during the development, fabrication, pack-
aging and testing of microsystems.

Conclusion

The CSEM’s XRD Application Lab
successfully answers the industrial de-
mands on structural characterizations of
a broad range of materials, components
and systems for various applications. The

parallel development of state-of-the-art an-
alytical tools fosters technology progress
directly for industry or by public private
partnership (PPP) driven projects.
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Fig. 9. HRXRD RSMs
of the bonding inter-
faces of resonator
MEMS (adapted from
ref. [17]): a) encapsu-
lated resonator with
a schematic view of
the HRXRD experi-
ment. The scattering
plane is highlighted
in green. b) RSM of
packaged resonator
giving details on
structural observa-
tions; c) RSM of an
un-packaged resona-
tor. ω and ω/2θ axes
show degrees on a
relative scale. The
change in the stress
level reflects the influ-
ence of bonding. The
upper peaks (S) are
the diffraction peak
of the handling wafer
and the peaks at low-
er ω values (DL) are
the diffraction signal
of the device layer.

Fig. 10. High-resolution X-ray diffraction for 8 µm thick Ge layers on Si pillars (right). The red line
shows a sample that is partially strained which results in the splitting of the Ge(004) diffraction
peak. The blue line shows a fully relaxed germanium layer of the same thickness using an opti-
mized process. Si pillars with Ge grown on top are shown in the left picture (STEM view of 8 μm
Ge towers on Si pillars, adapted from ref. [20]).


