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Abstract Recent developments of element-specific micros-
copy techniques using synchrotron radiation are opening
new opportunities for the analytical investigation of various
heterogeneous materials. This article provides a general
description of the operational principles of different micro-
scopes allowing chemical and structural imaging combined
with micro-spot spectroscopic analysis. Several selected
examples are used to illustrate the potential of the
synchrotron-based methods in terms of imaging and
chemical sensitivity for identification of spatial variations
in the composition of morphologically complex and nano-
structured inorganic and organic materials, including
biological samples.
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Introduction

Most materials are heterogeneous and complex by nature or
design and one of the challenges in their characterization is
to combine at the same length scales morphological studies
with methods providing quantitative information about the
chemical composition. The recent progress in development
of instrumentation for probing the properties of matter at
sub-micrometer scales fulfills the demand of many impor-
tant fields, from nano-technology, e.g. for characterization
of nano-materials and devices, to bio-medical research, e.g.
for understanding the functions of cells, bone tissue and
sub-cellular structures.

The chemical information for the specimen can be
obtained by using a variety of spectroscopic methods based
on the excitation processes in the matter as a result of
interaction with electromagnetic radiation. The spectral
features are obtained by monitoring photon absorption and
photon or electron emission of specimen irradiated by
properly tailored photon beams with selected wavelengths.
Due to the higher penetration depth of X-rays as compared
to electrons, the photon-in/photon-out spectroscopy meth-
ods are mostly bulk sensitive and can be used for
characterization of both conductive and non-conductive
materials, whereas the photon-in/electron-out spectroscopy
methods are surface sensitive and not applicable to
insulators. The exploitation of these methods for micro-
scopic analysis and imaging with high spatial resolution
requires sufficiently intense photon beams. The great
advantage of the synchrotron photon sources is that they
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provide not only very bright but also polarized and tunable
radiation with wavelengths from micrometers (far-infrared)
to Angstroms (hard X-rays) [1]. This has opened the
opportunity to build various types of microscopes imple-
menting the well-known spectroscopic techniques for
providing chemically specific information.

The complementary capabilities of different microscopy
approaches in terms of imaging, spectroscopy, spatial and
time resolution are strongly requested by the multi-
disciplinary research programs at the synchrotron facilities
and have motivated continuous investments in development
of instrumentation for imaging with spectroscopic analysis.
This article provides an overview of the possible chemical
imaging approaches offered by the various microscopes at
synchrotron radiation facilities. Using selected examples we
will illustrate their potential for bio-medical and material
research, in terms of combined chemical and morphological
information. Most of the results were obtained in the
authors’ institution, which has several beamlines hosting
different microscopes.

Synchrotron-based microscopes: working principles,
advantages and limitations

The chemical imaging considered in this paper is based on
the following spectroscopic methods: X-ray absorption
spectroscopy (XAS), infrared (vibrational) spectroscopy
(IR), X-ray fluorescence spectroscopy (XFS) and X-ray
photoelectron spectroscopy (XPS). XAS and in particular
X-ray absorption near-edge spectroscopy (XANES) moni-
tors the transmitted photons or the total emitted electron or
photon signal while varying the energy of the incident
photon beam [2]. The elemental sensitivity of absorption
spectra comes from the characteristic binding energies of
core electrons, ranging from a few tens to a few hundred
thousand electronvolts, which give rise to X-ray absorption
thresholds and resonant electronic transitions from the core
levels into unfilled electronic states, governed by well-
established selection rules [2]. Using polarized photon

Fig. 1 Schematic of the full-
field imaging and scanning-type

microscopes Condenser lens

Full-field imaging microscopy
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Sample Objective A

beams one can probe the absorption of light with circular
(left and right) or linear polarization at the absorption edges
of the constituent atoms (X-ray magnetic circular or linear
dichroism (XMCD or XMLD), which adds information on
the average magnetic moment and symmetry of the
chemical bonds. IR is a widely used technique monitoring
the vibrations of chemical functional groups as a result of
absorption of infrared radiation in a specific wavelength
range, regardless of the structure of the rest of the molecule.
The major benefit of using the IR range of synchrotron
radiation is in spectromicroscopy, because the higher
brightness compared to globar sources allows lateral
resolution at the diffraction limit (determined by the IR
wavelength) to be achieved [3]. XFS detects and energy
filters the photons emitted as a result of secondary de-
excitation processes occurring in the atoms interacting with
monochromatized X-rays [4]. Since the X-ray probe offers
orders of magnitude higher sensitivity than electron probes,
the element-specific XFS using synchrotron light has
become powerful tool for quantitative trace element
analysis, important for understanding material properties
such as second-phase particles, interfacial segregation and
contaminations. XPS detects and energy filters the electrons
emitted from atomic core and valence levels as a result of
interaction with monochromatic photons [5]. From all
emitted electrons, those from the atomic core levels provide
the most straightforward quantitative compositional infor-
mation and also are excellent fingerprints for the chemical
state and/or structural and chemical environment of the
emitting atoms. XPS is a surface-sensitive technique and is
very appropriate for investigations of interfacial phenome-
na: the sample probing depth is determined by the kinetic
energy of the photo-emitted electrons and can vary from
less than ten to a few hundred Angstroms.

In brief, the potential and the applications of the
microscopes are determined by their operational principle
and the contrast mechanisms. The spatial resolution and
image formation are achieved by two different approaches,
which classify the instruments as full-field imaging and
scanning (see Fig. 1) [6-10].

Focusing lens Sainple

lens

Electron or photon
detector

Scanning microscopy
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In the full-field imaging microscopes the incident photon
beam is first demagnified to micrometer dimensions to
illuminate homogeneously a selected area of the sample,
using diffractive condenser, capillaries or a focussing
mirror. The magnified image of the irradiated area is
obtained by projection of transmitted photons or emitted
photoelectrons. The instruments, using projection of trans-
mitted photons, are called transmission X-ray microscopes
(TXM). They work similarly to a visible light microscope:
an objective lens illuminates the specimen, and a second
objective lens (Fresnel zone plate (ZP) lenses) behind the
specimen generates a magnified image onto a spatially
resolving detector [7, 8]. The instruments using projection
of emitted electrons are called X-ray photoemission
electron microscopes (XPEEM) [8]. The emitted electrons
are collected by an objective lens, and by means of
electrostatic and/or magnetic lenses a magnified image of
the probed area is projected onto a screen, converting the
electron signal into visible light. These instruments can use
both XANES and XPS for chemical information and are a
special category not further considered in the present paper.

The scanning approach uses a microprobe and an image is
acquired in transmission or emission modes by detecting the
photon or electron signal by raster-scanning the sample. The
microprobe in the scanning X-ray microscopes is formed
using reflective (glancing or near-normal-incidence mirror
systems) or diffractive (ZP lenses) optical elements [1, 11].

In the transmission-type microscopes, as in visible light
or transmission electron microscopes, versatile imaging
contrast mechanisms can be used for morphological studies.
They are based either on attenuation or phase shift of the
X-ray beam by the sample. Absorption contrast is usually
used to map the sample density. Phase-contrast imaging
(differential phase contrast, differential interference con-
tract, dark field imaging etc.) is more sensitive to the
internal structure, even when absorption is low, and can be
further enhanced by tuning the X-ray energy [12]. Particular
elemental constituents can be located using measurements
on each side of the absorption edges, giving an element-
specific difference image. By scanning the X-ray beam’s
energy across the absorption edge of an element informa-
tion on its chemical state (XANES) can be provided.

The full-field imaging approach, TXM, more easily
achieves high spatial resolution, because of the static mount
of the sample during data acquisition and the ease of
applying all possible phase contrast modes [13]. Another
advantage of the ‘one shot’ TXM is the short acquisition
time (down to sub-second range at present for an image),
which makes the approach very suitable for dynamic studies
and for obtaining 3D structures (X-ray tomography). For 3D
imaging the sample should be mounted into a rotating stage
and the 2D projection of the structures is viewed at
different rotation angles. The series of X-ray images,

recorded at different angles, can be reconstructed in the
computer to give the full 3D information [14]. The
disadvantage compared to scanning microscopes is that
the TXM is adequate only for XANES: the micro-spot
spectroscopic analysis is slow, because it requires the
recording of stacks of subsequent images at energies across
the selected absorption edge. The scanning approach offers
maximum flexibility to use different photon and/or electron
detectors for spectroscopic micro-spot analysis and imag-
ing. The use of multi-element detectors allows different
forms of image contrast to be produced by suitable
combinations of the various signals. In principle scanning-
type microscopes can work both as a scanning transmission
X-ray microscope (STXM) with XANES or a scanning
photoemission microscope (SPEM) with XANES comple-
mented with XFS (using hard X-rays) [15] or PES (using
soft X-rays) [10].

Here we would like to stress that in terms of imaging
resolution, X-ray microscopy approaches lie between
electron and light microscopy and have comparable or
better resolution than other charge-particle methods, such as
particle-induced X-ray emission (PIXE) and secondary ion
mass spectrometry (SIMS) [16]. In fact, using photon optics
we cannot break the frontier of nearly atomic resolution
achievable by transmission electron microscopes (TEM),
but using tunable synchrotron X-ray radiation has several
advantages compared to microscopy with charged-particle
probes, as summarized below.

X-ray microscopy is quantitative and less invasive,
having enhanced ability for in situ studies of dynamic
processes. TXM and STXM have relative design simplicity
and the ability to penetrate inside thicker samples in a near-
native environment, delivering high-contrast images with
elemental information and time resolution. The most
distinct advantage is in the variety of spectroscopic
approaches, described above. Compared to TEM-EELS,
the advantages of XANES in detecting functional groups in
organic and polymer samples have been well recognised
[17]. In SEM the interaction process of the impinging
electrons, which leads to a large interaction volume,
prevents the XRF compositional analysis at very high
spatial resolution. Another important distinction from
charged-particle probes is that X-rays do not interact with
applied electric or magnetic fields and both linearly and
circularly polarized X-rays are available. Contrast due to
polarization is invaluable in distinguishing fluorescence and
diffraction signals, and determining orientation of chemical
moieties or magnetic domain structures at high spatial
resolution, using XMCD or XMLD.

In the IR microscopes the incident beam is both
demagnified and delimited by an aperture in an optical
plane conjugated to that of the sample, the aperture size
determining the portion of the sample probed by the IR
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ribosome

nucleolus

Fig. 2 X-ray micrographs of the cell nucleus and cytoplasm of HOS 2e11
cells, as indicated by the cell scheme in the middle. In the left image the
lower part is the cell nucleus, where the three highest absorbing zones
(the darkest) are the cell nucleoli, whereas the upper part is the
cytoplasm. The right image shows the cytoplasm with part of the cell

beam [3]. Confocal IR spectromicroscopy, realised by the
presence of pinholes which allow only light from the plane
of focus to reach the detector, can be performed in both
transmission and reflective mode. Mapping of selected IR
spectral features is performed by raster-scanning the
specimen under the microscope objective and using
absorption values at specific frequencies to generate image
contrast. Because of the limited brightness of the globar
source there is a dramatic loss of intensity when closing the
apertures below 20 pm, resulting in a poor signal-to-noise
ratio and long collection times. The high brightness of a
synchrotron source allows retention of a relatively high
throughput even with apertures closed to a size comparable
to the IR diffraction limit (e.g. 1.7 um at 4,000 cm™'). At
such small apertures the signal-to-noise level obtained with
a synchrotron source is typically three orders of magnitude
higher and the time for mapping is correspondingly shorter.

Imaging of biological specimen using X-ray
transmission microscopy

Transmission X-ray microscopy has found a lot of applica-
tions in analyzing the morphological structure of specimen at
the sub-100-nm length scale and extracting the chemical
information by means of XANES. The higher penetration
depth of X-rays compared to charged particles allows imaging
of complete cellular and sub-cellular structures in their natural
environment without slicing [18]. Similar to scanning or
transmission electron microscopes, the high radiation dose
necessary to image very small features with a decent signal-
to-noise ratio requires in many cases fixing or cryogenic
freezing of organic matter and use of the most appropriate
contrast techniques for imaging.

Recently using a novel approach the STXM and TXM
have been integrated into a single instrument with fast
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nucleus on the /left side. The images were acquired with photon energy
of 720 eV using absorption contrast. The exposure time was 10 s. The
HOS 2el1 cells were grown to confluence on silicon nitride membranes
and subsequently fixed with fresh 3.7% buffered paraformaldehyde.
Samples were then dehydrated by increasing ethanol concentration

switching between the two microscopy modes, called
TwinMic [19]. By preserving the performance of each
microscopy approach, it has opened an opportunity to
perform fast imaging for dynamic studies with TXM,
combined with STXM and micro-spectroscopy (XANES).
In the near future, the implementation of XFS will also
allow the STXM module to work as a SPEM.

The imaging potential of the TXM module in TwinMic
for resolving features in cells is illustrated by the images of
U20S 2ell human cells [20], shown in Fig. 2. The
eventual aim of the project is to develop novel genetically
encoded contrast labels for the detection and reporting of
sub-cellular processes, such as HIV-1 transcription, through
specific targeting of externally administered probes.

Figure 3 illustrates the chemical imaging ability of TXM
mode. The high resolution images of a soil sample are
taken below and above the L-absorption edge of iron. The
Fe ions are known to act as coagulation agents promoting
the flocks or aggregates of humic substances in the soil,
which play an important role in environmental processes.
These studies are aimed at visualizing the distribution and
size of the iron-rich particles. The final goal is to determine
the morphology of organic matter as a function of
concentration and chemical state of iron, which has direct
impact on the bioactivity and fertility of the soil [21].

One of the major advantages of the scanning mode is
that different signals from one or multiple detectors can be
acquired simultaneously. Figure 4 illustrates a simulta-
neously detected absorption image (left) and the differential
phase contrast (DPC) image (right) obtained by using a
configured detector in TwinMic scanning mode [22]. The
samples are marine planktonic diatoms Coscinodiscus sp.,
which are encased in an intricately patterned biosilicate
skeleton. The higher penetration power of X-rays helped to
reveal that the ornate biosilicate shell consists in some cases
of a double hexagonal net, not observed with TEM. The
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Fig. 3 Morphology and distri-
bution of hematite aggregates in
a soil sample, dried from its
aqueous dispersion medium.
The images were measured at
different photon energies across
the Fe L-absorption edges. The
X-ray absorption image taken
below the Fe L-edge (703 eV)
demonstrates the morphology of I |

FeL -edge

"-\-;\H-

the sample. The Fe-rich areas 700 710
(best seen in the indicated yel-
low zones) are revealed by im-
aging with photon energy
around the Fe-L edge

(707 and 703 eV)

DPC principle applied in the scanning microscope is
detection of local phase gradients through the small phase
shift between two close points of the sample [23, 24]. Phase
information is extracted by calculating the first moment
derivation of the scattered light. The DPC mode can lead to
an increase in image contrast of low absorbing specimens,
such as cells, by up to 20%.

Imaging and micro-spectroscopy of bone specimens
using scanning microscopy in X-ray transmission
and emission modes

Implementation of a fluorescence X-ray detector in scan-
ning microscopes and using proper X-ray wavelengths
allow micro-XFS and micro-XANES with resolution

Fig. 4 X-ray micrographs of
marine planktonic diatoms
Coscinodiscus sp. acquired si-
multaneously with a configured
detector in scanning mode: /efi
absorption contrast, right differ-
ential phase contrast. The
images were acquired with 720-
eV photon energy and dwell
time of 80 ms per pixel

720
Photon Energy (eV)

determined by the size of the microprobe, provided the
probed sample has a uniform thickness and negligible
density variations. The potential of these instruments will
be illustrated by some recent results, focussed on determi-
nation of the components and their distribution within a
bone tissue.

Bone mineral consists of apatite-like nanocrystallites, a
non-stoichiometric calcium phosphate phase acting as an
ion reservoir. Numerous minor and trace elements (Na, Mg,
Cl, Sr, Mn, etc.) are present as well. Investigation of the
bone mineral content at a microscopic scale is of particular
interest, since it can give new insights into remodelling
activities, mineralization processes, effect of drugs and
related mechanical properties. Diseases and pathological
conditions cause changes in bone tissue affecting its
properties, morphology and bone turnover rate. The images
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Fig. 5 Images of a chicken bone — g e
embryo specimen: a large-scale 100[_11’1’1 . -5" 3

transmission image, taken with
step size 10 m and integration
time 100 ms illustrating the bone
morphology (b) and ¢ phospho-
rus and calcium fluorescent
images of the square area indi-
cated in a taken with step size
0.5 pm and integration time 1 s.
Photon energy = 4.1 keV. Sam-
pling points are numbered
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in Fig. 5 of a 10-um-thick transversal slice of chicken bone
embryo (20 days old) represent one of a series at different
stages of maturation. They are obtained in transmission
(absorption contrast) and fluorescence spectroscopy modes
and illustrate the microscopic bone morphology and the
lateral distribution of Ca and P. Using XRF enabled
simultaneous mapping of the distribution of different
elements eventually present inside the bone with sensitivity
(a few parts per million). Figure 5a reveals the bone
architecture, composed by sub-structures with some specif-
ic orientation. These substructures are composed of small
nanometre-sized crystallites stacking on the collagen fibres.
As expected, the fluorescence maps obtained by tuning the
fluorescence detector to the Ca or P emission lines are
almost identical showing perfect co-localization of Ca and
P. However, the bone morphology and stoichiometry (Ca/P
ratio) provide relevant biological information for the
maturation stage.

Fig. 6 a X-ray fluorescence

— 10um

— 10um

The micro-XFS spectra acquired in selected 0.25-pum?
sample spots provide detailed quantitative information
about the local elemental composition, which was elucidat-
ed by measuring reference spectra of samples with known
elemental concentration. The spectrum in Fig. 6a, taken
from point 1, shows the presence of Ca, P, K and Cl, the
last two elements being related to the bone soft tissue. The
presence of only the main bone mineralization components
indicates that at this very initial ‘embryo’ stage the other
elements are either below the detection limit or not yet
incorporated inside the bone mineral [25].

Bone mineral crystals are in metabolic interrelation with
the body fluids, changing in size, chemical composition and
stoichiometry with age, disease and chemical treatment.
There are also biological aspects, due to continuous bone
turnover, i.e. formation of a new bone, which contains the
youngest crystals and resorption of bone, which contains
crystals of various ages including the oldest ones. Thus

spectra of a bone sample taken a ‘ b
at point 1, indicated in Fig. 5b, CaK :
taken with photon energy of . I 4 N %
4.1 keV. b Spatially resolved at 3 KK, & ]\ﬁ 3
the Ca K-edge taken at the H ClK &K H
points 1 and 2, indicated in . e Bl | | & )
Fig. 5b. ¢ XANES spectra at the PK, ‘f’ Kg l [ ]/iCaKg
Ca K-edge of apatite calcium A 'v \
phosphates: S-HA is stoichio- I A A L
metric hydroxyapatite; PCA are 010 20 B0 N0 W0 K0 0 4020 4030 4040 4050 4060 4070 4080 4090 4100 4110 4120 4130 4140
poorly crystalline apatites at Energy (V) Energy (eV)
different maturation stages v
(0, 3 days, 16 months).
d Derivatives of the XANES .'-‘I d LI ¢
spectra from the series of spectra ¢ _"*\II__ f
in ¢. The micro-XANES is Al ¢ \ﬁ
measured in transmission. The " /| \'L'W o —/\/:I '|r\ Lo
most important features are in- E ( /I'I"\I".,Wmlh § A/ r\u \. r/“———-/\/"‘;;
dicated a—c; see Text for details £ /I HW 3 \
§ —)\ =] ) \?\F—A—”ﬂ:@
N — i) ”
|||| \j/_w_/\/*’\_o-
/ Vv
A000 4030 4040 4050 4060 4070 4080 4060 4100 4110 4120 4130 $140 4035 4040 4045 4050 4055 4060 4065 4070 4075 4080 4085
Energy (¢V) Energy (V)
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crystals from all stages of maturation should be present in
the bone sample and being non-stoichiometric apatite
phases they differ by the local environment of the Ca ion.
As several biological properties of bone are related to these
environments, like homeostasis, ion exchange or protein
attachment, it is important to access the highly reactive
calcium sites of bone by a direct spectroscopic method. The
complementary micro-XANES analysis, based on monitor-
ing the total emitted fluorescence signal (or transmitted
X-rays in the case of thin enough samples) while scanning
the X-ray energy across the selected core electron absorp-
tion edge, adds information about the chemical environ-
ment of the Ca ion. This information is of fundamental
importance for understanding the process of bone mineral-
ization during maturation process and is obtained by
comparing the micro-XANES taken at points 1 and 2
(Fig. 6b) with those measured for synthesized non-
stoichiometric apatite analogues of the bone mineral
(PCA). The latter have the same physico-chemical proper-
ties as the bone mineral during maturation and are excellent
references for the different types of non-apatite environ-
ments of the calcium ion [26, 27]. The spectra of the PCA
analogues at different maturation stages, shown in Fig. 6¢,
exhibit very similar features, the most important indicated
as ‘a’, ‘b’ and ‘c’. Note that the pre-edge energy position
and intensity are independent of the maturation state of our
PCA, suggesting that both the effective charge and the site
of symmetry of the Ca atom remain unaltered. As the
maturation time increases, the dashed line ‘a’ becomes a bit
narrower: this is assigned to the existence of two calcium
sites with different coordination [28]; the structures ‘b’ at
4,056 and 4,063 eV become more pronounced and the ‘c’
maximum shifts continuously from 4,096.2 to 4,098.1 eV,
as can be seen clearly in the derivatives of the spectra,
shown in the Fig. 6d. The energy shifts of structure ‘c’
reflect the changes in the Ca—O bond length, becoming

Fig. 7 Left Mo 3d image
(10x10 um?) of aligned MoS,
nanotubes grown on Si sub-
strate. Right S 2p spectra taken
at different parts along the
nanotube bundles. The fitting
components indicate different
bonding configurations of S
within the nanotube structure.
The bottom S 2p spectrum is of
the MoS, compound

shorter with increasing the maturation time. The u-XANES
from the specific points (1, 2) are very similar to those
obtained for the calcium phosphate analogous to bone
mineral, revealing prevalence of non-apatite micro-phases
in the sample. We would like to note that for the first time
biologically reactive non-apatitic environments of the
calcium ion have been evidenced by a direct spectroscopic
method. This is essential to understand the path of bone
maturation and reactivity and relates to elucidation of the
effect of drugs or the alterations induced by pathology.

Chemical imaging and micro-spectroscopy using
scanning microscopy in XPS mode

The intensity and kinetic energy of the electrons emitted
from a specific core or valence level of the elements
provide information about the local elemental concentra-
tion and chemical state of the constituents at the sample
surface and near-subsurface region. The core level energy
shifts and changes in the valence spectra due to interactions
with other atoms or molecules are fingerprints of the actual
chemical state and electronic structure, band-bending and
local charging. The use of XPS as a spectroscopic method
limits the SPEM applications to studies of specimen in
solid state and in ultra-high vacuum environment (pres-
sures lower than 10°° Pa), but on the other hand chemical
imaging with pu-XPS is the best analytical method for
probing surface and interfacial phenomena at sub-
micrometer scales.

Among the recent achievements in XPS-based charac-
terization of nano-structured materials are the results
obtained with C- and MoS,-based nanotubes. Due to their
low dimensionality and high anisotropy the nanotubes
exhibit a large variety of mechanical and electronic
properties, which makes them an excellent material for

AASEAARES RARAS RANES A RAAS |
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tips

L B
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nano-technological applications. The high spatial resolution
of SPEM allowed us to localize the nanotube bundles
(approximately 5- to 10-pm long and up to 0.5-pm wide)
and select the areas for systematic spectroscopic measure-
ments along the nanotubes axes. An important finding in
these studies is the position dependence of the photoemis-
sion valence and core level spectra of aligned nanotubes,
reflecting the different structural organization along the
wall and the tip of the nanotubes [29, 30]. Figure 7 shows a
typical cross sectional Mo 3d image of aligned MoSy-based
nanotube bunches. The difference between the S 2p spectra
taken at the tips, the sidewalls and the base (interface with
substrate on which are grown) reflect the position and size
dependence of the local chemical and electronic structure.
There is significant difference compared to the S 2p spectra
of the reference MoS, crystal as well.

Monitoring degradation processes in electronic devices
and understanding the impact of the surface morphology on
the properties metal/semiconductor interfaces is imposed by
the stringent technological requirements for realization of
reproducible and thermally stable ohmic contacts. The great
advantage of using the XPS method in SPEM studies is that
it allows the probing of both the local composition of the
interfacial region and the corresponding band bending (BB)
at the surface.

Extensive SPEM studies of the metal/GaN interfacial
interactions revealed that the observed lateral variations in
the composition were most often induced by morphological
and crystallographic defects of the GaN epilayers [31-33].
The ‘defect’ areas, identified by SEM prior to inserting the

Fig. 8 Top left images of the
total Ni 3p and Ga 3d core level
emission taken in a defect area
of Ni/GaN contact; bottom lefi
Ga 3d images of the emission in
the energy windows
corresponding to the R-Ga and
GaN components, as indicated
in the panel with Ga 3d spectra;
right Ga 3d spectra of GaN
substrate (bottom) and of the
defect and non-defect regions of
the Ni/GaN contact where com-
positional inhomogeneity has
developed upon heating to

200 °C. The R-Ga component
corresponding to the NiGa alloy
is plotted as well. BB indicates
the band bending shift after
metal deposition

@ Springer

GaN sample into the SPEM, were also located in the Ga 3d
maps taken before Ni deposition. Figure 8 shows Ni 3p and
Ga 3d images illustrating the chemical heterogeneity
developed in a defect region at the Ni/GaN interface after
thermal treatment. Ni alloys with Ga and forms gallides and
the best fingerprint for the local reactivity is the amount of
the released Ga, which appears as a new component, R-Ga,
in the Ga 3d spectra. Depending on the temperature the
gallides at the interface change their stoichiometry, best
reflected by the binding energy and relative weight of the
R-Ga component in the Ga 3d spectra. The images in Fig. 8
clearly show that the most rigorous interfacial reaction has
occurred at the defect sites, which also become enriched
with Ni.

Another successful study with SPEM helped in under-
standing the degradation mechanisms leading to appearance
of dark spots on the cathode surface of organic light
emission devices (OLEDs) [34]. The elemental maps and
micro-spot XPS spectra in Fig. 8 illustrate the changes in
morphology and chemical composition of damaged Al
cathode surface OLEDs that have undergone degradation
during operation. The created fractures appear as dark holes
in the Al 2p image because there is no Al 2p emission from
the disrupted areas. Depending on the advancement of the
degradation process the organic layers or the InSn oxide
(ITO) anode below are exposed. The central part of the
fracture appears very bright in the In 3d map, whereas it has
low intensity in the C 1s map, which indicates that the
organic layer has also been locally damaged, exposing the
ITO surface below. Another distinct feature of the In 3d

Ni/GaN

_'defect'

GaN

\ x 1/2
ETTERE IR EA NRNE FNE TN T
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maps is the presence of In-containing species on the Al
surface around the fractures, the amount of these species
decreasing gradually moving away from the hole (see the In
3d concentration profile below the In image in Fig. 9). This
is direct evidence that the degradation also involves the ITO
anode and a fraction of generated In-containing volatile
species is deposited on the Al anode around the hole.
Similar contrast is observed in the C 1s maps, which
indicates co-deposition of organic species, released from
the locally decomposed organic layers. More detailed
information about the chemical composition within the
fractured area and the surrounding cathode surface were
provided by the u-XPS spectra in Fig. 9 measured in the
different regions. The spectra, measured in the dark holes
are very similar to the ITO spectra, except the additional
new Si 2p line, originating from the ITO glass support
and indicating that within the damaged area the thickness
of the ITO has been dramatically reduced due to material
loss. The very small C Is peak in the spectra confirms

that locally the organic layer has also been removed.
Comparing the u-XPS spectra from the cathode areas in
the vicinity and away from the fracture confirm the
deposition of the ITO constituents, In and small amount
of Sn, and C-containing species from the organic layers.
The similar results obtained for different ambient and
operating conditions led to the conclusion that the lateral
inhomogeneities in the surface topography and chemistry
of the ITO films should be one of the major reasons for
electric spikes causing the cathode disruption and device
failures.

Chemical imaging and micro-spectroscopy using
synchrotron-based IR spectro-microscopy

Although IR microscopy has modest spatial resolution
compared to X-ray microscopy the greatest advantage is the
combination of high chemical sensitivity and the non-

Fig. 9 Top Al 2p, C 1s and In
3d maps in a damaged region of
the Al cathode, (a ‘dark’ spot in
the OLEDs). Since the deposited
In film screens the Al 2p emis-
sion these parts appear darker in
the Al 2p map. The concentra-
tion profile of In deposited on
the Al cathode surface around
the hole in shown in the right
panel. Bottom XPS spectra tak-
en inside the hole (/), on the Al
cathode in the vicinity of (2) and

far away (3) from the hole. The

top spectrum, corresponding to
the anode (ITO), is shown for
the sake of comparison with
spectrum 1
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Fig. 10 Lefi map of the total light intensity reflected by the Al cathode, middle map of the 1,250 cm™" absorption band corresponding to the
organic layer, right map of the 1,050 cm ™' absorption band corresponding to the inorganic layer

destructive character of infrared radiation. Being a photon-
based technique it can be used for characterization of non-
conductive materials and is very adequate for studies of
organic materials and living objects.

The first example illustrates the application of the IR
microscopy as a complementary technique in characteriza-
tion of the quality of encapsulation of the OLED devices,
namely the protective layer against degradation due to
contact with moisture or other active gases in the air. This
protection is a critical step in the OLEDs fabrication and
one of the solutions is deposition of organic and inorganic
(oxide) films with thickness of the order of a few
nanometres on top of the Al anode. The stability and
duration of this protective ‘cap’ depend exclusively on the
lateral homogeneity of the films, which requires very
accurate optimisation of the deposition process parameters.
The appearance of defects in the encapsulating layer, seen
in the light microscope as bubbles of sizes up to a few
hundred micrometers, is supposed to be a result of the non-
uniformity in the deposited inorganic and organic films.
Each of these barrier films has distinct IR spectral features,
which allowed us to probe their lateral uniformity and

40

g & §
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correlate it to the defects observed in the light microscopes.
We were able to detect the ‘bubbles’ of the protective layer
in the IR reflectivity maps (Fig. 10a), because the local
refractive index depends on the local chemical state of the
Al anode surface. As can be expected, the Al cathode
undergoes fast oxidation in defected regions because it has
been exposed to air and humidity, and the locally oxidized
surface has much lower reflectivity (the two bright areas in
Fig. 10a). The images in Fig. 10(b,c) are IR absorption
maps at 1,250 cm ', corresponding to the -O—CHj groups
(b) of the organic layer and at 1,050 cm ™', corresponding to
the silicon oxide contained in the inorganic layer (c). The
contrast variations in the maps in Fig. 9(b,c) are very
different, in particular in the defect areas. The variations in
the relative abundance of organic component (b) appear
almost unaffected by the presence of the defect, with the
only exception in the middle of the larger defect area,
where apparently the bubble has burst. The inorganic
component (c) displays stronger non-homogeneous distri-
bution with a reduced intensity in the regions where the
bubbles are located. This supposes that a possible cause for
defect creation is a local deficiency of inorganic film, which

X[Micron)

Fig. 11 IR images of a amide band absorption, b methyl/methylene band absorption and ¢ the corresponding visible light image
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requires thorough examination of the Al cathode surface
quality and deposition cycles.

IR spectromicroscopy on single living cells, or even at
the sub-cellular level, has been made possible specifically
by the application of synchrotron light [35]. Eukaryotic
cells commonly have dimensions in the 10-um range, too
small for most spectromicroscopy and mapping experi-
ments when using a globar source. Figure 11 illustrates the
possibility to image the composition of sub-cellular
structures in an intact cell. Mapping was performed by
scanning the sample with a 3-um confocal aperture, which
is not possible using a globar source. The contrast in the IR
images is generated by mapping the absorption bands
characteristic of amide (a) and methyl/methylene (b) groups
throughout the sample, fingerprints of the local content of
protein and lipids, respectively. In the light microscope
image of the same cell the nucleus is clearly visible in the
lower right of the cell, together with other organelles.
Comparison of the IR and light microscope images clearly
demonstrates the differences in the distribution of proteins
and lipids within the cell which can be correlated with cell
structure.

Conclusions

The present microscopy instruments using synchrotron
light and different contrast mechanisms have achieved
their state-of-the art performance in exploration of hetero-
geneous phenomena at mesoscopic length scales, with
increasing impact in micro-characterization of solid and
liquid matter. The near-future upgrades aim at improving
the lateral resolution, spectral resolution and data acquisi-
tion velocity. The progress is directly linked to further
development of efficient, high resolution X-ray focussing
optics for scanning and full-field imaging X-ray micro-
scopes in order to achieve in all instruments resolution
better than 25-30 nm, improving the transmission of the
electron energy filters and the efficiency of the X-ray and
electron detectors in order to work with better spectral
resolution. The introduction of two-dimensional focal plane
array (FPA) detectors in IR microscopy has allowed rapid
imaging of the sample by forming the full infrared light
image on the detector array and collecting the spectrum of
each pixel. Imaging with FPA detector using synchrotron
IR source is limited by the small size of the synchrotron
spot projected onto the FPA plane. However, as reported
recently, an FPA detector adequately filled with synchro-
tron IR delivers an excellent signal-to-noise ratio [36, 37].
An optical configuration will be shortly implemented on a
permanent basis at SRC with the construction of a new
dedicated beamline, where the FPA detector can be
completely filled by proper tailoring the IR emission.

Further steps forward are construction of ultra-fast position
sensitive detectors for fast time-resolved measurements
using the pulsed character of synchrotron radiation and
novel X-ray laser sources.
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