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Abstract

Scanning transmission X-ray microscopy (STXM) and X-ray photoemission electron microscopy (X-PEEM) are synchrotron based, soft
X-ray spectromicroscopy techniques, which provide chemical speciation at better than 50 nm spatial resolution based on near edge X-ray
absorption spectral (NEXAFS) contrast. The instrumentation and acquisition protocols for these microscopies are described. Methods for
c terization of
w urfaces.
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onverting image sequences to quantitative maps of chemical components are outlined and illustrated with applications to charac
et biofilms, optimization of the microstructure of synthetic polymers, and studies of protein interactions with patterned polymer s
2005 Elsevier B.V. All rights reserved.
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. Introduction

Soft X-ray spectromicroscopy is rapidly developing with
he continual increases in the availability of high brightness
hird generation light sources and improvements in instru-
entation. One of the major advantages relative to other an-
lytical microscopies is the ability to use theintrinsic prop-
rties of the sample, through the near-edge X-ray absorption
ne structure (NEXAFS) signal[1], as the analytical con-
rast mechanism. This requires a source of bright, continu-
usly tunable soft X-rays (50–2000 eV), and thus synchrotron
adiation is uniquely suited. Magnetic structures can be im-
ged using X-ray magnetic circular dichroism and orientation
an be imaged via linear polarization. Soft X-ray spectromi-
roscopy is being used for chemically sensitive imaging and
uantitation in a wide range of specimens, such as nano-
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structured synthetic polymers, fully hydrated environme
and biological specimens, and magnetic materials. Ma
these systems were previously difficult or impossible to s
by other means, for reasons, such as inadequate spatia
lution in the case of IR, NMR and optical techniques; ina
ity to couple to wet specimens in the case of electron b
based techniques; radiation damage in the case of ele
microscopy; lack of chemical sensitivity in scanning pr
techniques.

There are many different soft X-ray microscopy te
niques. One can divide these into full field techniques,
as transmission X-ray microscopy (TXM)[2,3] and X-ray
photoemission electron microscopy (X-PEEM)[4–6], and
scanning techniques, based on focusing X-rays to a sma
using Kirkpatrick–Baez or other mirror technologies or F
nel zone plates as used in scanning transmission X-ra
croscopy (STXM) and scanning photoemission microsc
(SPEM)[7,8]. There are several recent reviews of soft X-
microscopy[2,7,8], and the published proceedings of the
annual conference on X-ray microscopy[9] are an excellen
source of information on the latest capabilities and app
aleigh, NC 27695, USA tions. Here, we describe our work with two methods of soft
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X-ray spectromicroscopy – STXM and X-PEEM – with fo-
cus on quantitative chemical speciation in natural (primarily
biological) and synthetic polymer systems.

While many chemical analysis problems can be resolved
through qualitative comparisons of chemically sensitive im-
ages, soft X-ray microscopy provides its greatest impact
when spectra and images are analyzed quantitatively. NEX-
AFS spectra of pure samples of the individual components (or
close analogs) on an absolute response scale provide suitable
quantitative reference standards. The most extensive infor-
mation is obtained from image sequences[10], which can
be analyzed to derive quantitative component maps (spatial
distributions of the concentration of each component) and
associated color-coded composite representations to explore
spatial correlations of components, as is illustrated in exam-
ples below. In many cases, quantitative spatial correlations
are the key to resolving a scientific problem.

2. Experimental

Fig. 1 is a sketch of the interferometrically controlled
STXM [11] located at bend magnet beamline 5.3.2[12] at
the Advanced Light Source (ALS). A second version of the
interferometric-STXM is now working on undulator beam-
line 11.0.2 at the ALS[13]. A similar interferometeric-STXM
i ator
b .3.2
b , a
t t of
t pher-
i op-
t hase
s to
t ness.
T plate
t ole to

define transverse coherence. A silicon nitride window sepa-
rates the STXM chamber (which operates in air, He, or coarse
vacuum) from the ultrahigh vacuum of the beamline. The
STXM (Fig. 1c) consists of the zone plate (ZP) (currently
150�m diameter, 35 nm outer zone, 80�m central stop, with
a diffraction limited resolution of 42 nm), a 55�m diameter
order sorting aperture (OSA), which works with the central
stop to block zero order light, the sample scan stages, and a
transmitted detector. Transmitted X-rays are converted to vis-
ible light pulses and detected with a photomultiplier operated
in counting mode. Typical incident flux levels at full spec-
tral (100 meV) and spatial (42 nm) resolution are 1–2 MHz
in the C 1s region rising to 10–20 MHz in the N 1s region.
With modest degradation of either spectral or spatial reso-
lution (user selectable), the flux in the spot on the sample
can be∼10 times higher. Images are acquired pixel-by-pixel
using dwells between 0.5 and 2 ms/pixel. The beamline pro-
vides light from 180 to 1200 eV, although it has optimum
performance between 250 and 550 eV due to a fixed exit
slit position. A sophisticated interferometer system[11] is
used to control the (x, y) position of the sample relative to
the zone plate (and thus focused X-ray spot) with a preci-
sion of 10 nm, thus providing accurate positioning in point
spectra mode, and stable fields of view in imaging mode, even
though the zone plate-sample separation might be changed by
a millimeter or more in a NEXAFS scan. Samples for STXM
m ical
d , this
c
t thin
s ssion
e ined
b slu-
c ther
s

ectra,
l ces, pi-

F olled S ent
fi

s under construction at the elliptically polarized undul
eamline 10ID1 at the Canadian Light Source. The 5
eamline is very simple with only two optical surfaces

oroidal mirror to focus the light emitted by a few percen
he horizontal swath emitted by a bend magnet, and a s
cal grating which disperses the light horizontally. The
ical parameters were carefully selected to match the p
pace of the source (physical size× angular divergence)
he sub-200 micron zone plates, thus preserving bright
he beamline delivers monochromated light to the zone

hrough a rectangular exit aperture, which acts as a pinh

ig. 1. Schematic of beamline 5.3.2 and the interferometrically contr
lter, exit slit, fast shutter and STXM); (c) details of the STXM optics.
ust be partially X-ray transparent, with optimum opt
ensities between 0.3 and 2. For unit density materials
orresponds to∼100 nm thickness for C 1s and∼500 nm
hickness for O 1s studies. Techniques for preparing the
ection samples are similar to those used for transmi
lectron microscopy. Fully solvated samples are exam
y sandwiching the wet sample between two X-ray tran
ent silicon nitride windows. Thicknesses of water (or o
olvents) up to 3 or 4�m can be tolerated.

Data are collected as single energy images, point sp
inescan spectra, and image sequences. Image sequen

TXM (referred to as ‘STXM5.3.2’). (a) Beamline; (b) in-hutch compons (gas
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oneered in STXM by Jacobsen et al.[10], provide the most
detailed information about a sample, and are the basis for
quantitative chemical mapping. For quantitative analysis, the
transmitted signal is converted to absorbance (A), also called
optical density (OD),

OD(E) = ln

(
I0

I

)
= µ(E)ρt = σ(E)t (1)

where for a given X-ray energy,E, I0 is the incident X-ray
flux, I the transmitted flux through the sample,µ(E) the mass
absorption coefficient at X-ray energyE, ρ the density,t the
sample thickness, andσ(E) is the linear absorption coeffi-
cient. The mass or linear absorption coefficients are derived
from the NEXAFS spectra of the pure material (typically
recorded in the same apparatus) using the well-characterized
elemental response outside the near edge region[14] to set
the scale.

3. Quantitative chemical mapping by analysis of
image sequences

The image sequence analysis procedure can be applied to
any type of spectromicroscopy (e.g. infrared, visible light, as
well as a wide variety of X-ray microscopies). It computes a
l
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with user specified properties (i.e. those in a component map
that exceed a certain value which correspond to regions of
high concentration of that component), to extract the average
spectra of those pixels, and then to fit the extracted spectrum
in order to examine in greater detail the spectral match of the
unknown and the set of weighted reference spectra.

Fig. 2 is an example of quantitative chemical mapping
using image sequence analysis as described above. The
sample is a core shell microsphere[19,20] consisting of
a 3�m diameter cross-linked divinylbenzene (DVB) core,
with a∼600�m shell of pure ethylene glycol dimethyl acry-
late (EGDMA) subsequently added. These microspheres are
embedded in an aliphatic epoxy and microtomed to about
100 nm thickness. While a number of embedding materi-
als can and have been used, this formulation was specifi-
cally chosen for good embedding properties for a range of
polymer systems, a NEXAFS spectrum that has minimal
structure and thus limited interference with NEXAFS-based
analysis, and a high tolerance to radiation[21]. Eighty im-
ages (each 6�m× 6�m, 175 pixels× 175 pixels; 1 ms/pixel
dwell) were acquired between 280 and 315 eV. Spectra ex-
tracted from the three chemically distinct regions of the im-
age sequence are displayed inFig. 2a. These have been con-
verted to linear absorption scale (using longer range spectra
acquired separately to set the intensity scale) and used as the
models for the quantitative analysis. Images at four charac-
t -
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east squares fit of the intensity at each pixel –S(j, k) – to a
inear combination of reference spectra for each compo
Si , each on a quantitative linear absorption scale).

(j, k) = a0(j, k) +
∑

i
ai(j, k) × Si (2)

The fit coefficient,ai is the equivalent thickness (in n
f the reference spectra are in linear absorption format
nits of nm−1) of the ith component at the (j, k) pixel and

he concentration at that point is given byai /iai (j, k). The
nversion of the image sequence to component maps
et ofai (j, k) values – is conveniently carried out using m
rix techniques available as part of a user-friendly graph
nterface, aXis2000[15]. In the stack fit approach an ene
ndependent term, (a0) is included, which accounts for e
rgy independent offsets (backgrounds) in the referen

he image sequence spectra. In the singular value de
osition (SVD) approach[16–18], there is noa0 term. It is
sually a good idea to compare the results from each me

n a robust analysis, the component maps derived from
wo approaches are very similar, and the map of the
tant term is featureless, with a histogram centered abo
n addition to the component maps, the implementatio
his methodology provides several other useful tools to
ist the analyst. A map of the energy-averaged residual
east squares measure of the mis-match between the
pectrum and the fit at each pixel) is generated. It is
ossible to save an image sequence of the residuals,

n favorable cases, allows one to identify missing chem
omponents by examination of the spectrum of the reg
f poor fit. aXis2000[15] provides tools to identify pixe
l

eristic energies are presented inFig. 2b–e to show the dra
atic changes in contrast, which relate to the differenc

he chemical structure of the epoxy, DVB and EGDMA co
onents. The component maps derived from SVD of a

mages are combined to form a color coded composite
Fig. 2f), constructed by using the byte-scaled epoxy ma
he red component, the byte-scaled DVB map for the g
omponent, and the byte-scaled EGDMA map for the
omponent. Color composite maps can be constructe
her byte scaled or with preservation of the relative thick
cale, by using a single intensity scale, set by the overall
ma and maxima of the three component maps. The form
alled a ‘scaled composite map’ and the latter an ‘un-sc
omposite map’. Each approach has its uses; the scale
est displays the location of each component, even if

s a large difference in amounts, while the un-scaled
ives a true quantitative picture. In this system, where
omponents each have similar thickness and are comp
patially separated, the scaled and un-scaled composite
ook similar.

Additional methods can be used to assist analysis of so
ay microscopy image sequences. Principle component
sis [22,23] allows one to estimate the number of stat
ally accessible spectral components in a system. Jac
nd co-workers[24] have recently developed elegant me
ds to combine principle component (factor) analysis wit
ptimized cluster analysis to provide means to extract
bly orthogonalized spectra of chemical components

mage sequences without prior knowledge of the compon
resent, or their NEXAFS spectrum.
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Fig. 2. (a) C 1s spectra of divinylbenzene (DVB), ethylene glycol dimethylacrylate (EGDMA), and an aliphatic epoxy, converted to linear absorption scales by
matching to the elemental response (thin lines) outside of the near edge structured region. (b–e) Optical density (OD) images at selected energies ofa core-shell
polymer consisting of a pure DVB core, a 100% EGDMA shell, embedded in the aliphatic epoxy. (f) Re-scaled color coded composite derived from the C 1s
image sequence (epoxy: red, DVB: green, EGDMA: blue) (recorded with STXM5.3.2).

4. Natural polymer systems

Living species rarely exist in isolation. At the
0.1–100 micron scale of microbes – bacteria, algae, fungi,
cyanobacteria, etc. – it is common for individuals from sin-
gle or several different species to form colonies linked by
extracellular polymeric substances (EPS). Although EPS are
mainly microbial polysaccharides, other biochemical macro-
molecules – proteins, nucleic acids and polymeric lipophilic
compounds – have been identified and are suspected to play
important roles. EPS represent a major structural component
of biofilms and are known to be responsible for sorption pro-
cesses used to provide nutrients to the living entities and to
help control exposure to toxic metal and organic substances
[25,26]. Particularly in complex environmental systems, the
EPS are difficult to characterize by isolating single polymer
species. Increasingly, in situ methods are being used to exam-
ine the EPS of natural biofilms. STXM wet cell techniques
are particularly powerful for studies of fully hydrated bio-
logical and environmental materials. STXM provides better

spatial resolution than optical techniques and chemical infor-
mation at a microscale relevant to bacteria. Using the intrin-
sic X-ray absorption properties of the sample avoids addition
of reflective, absorptive, or fluorescent probes and markers,
which may introduce artifacts or complicate interpretation.
We use STXM to characterize the biochemical and abiotic
components of biofilms. We have mapped protein, nucleic
acids, lipids and polysaccharides in riverine biofilm systems
[27], and have studied the distribution of metal species in
biofilms[13], which have been exposed intentionally to part-
per-million concentrations of metal ions, such as nickel chlo-
ride.

Fig. 3 presents STXM images of a wet, riverine biofilm
recorded at several spatial scales using 288.2 eV, a photon
energy which highlights the biological components through
the strong amide protein absorption band. The sample con-
sists of a silicon nitride wet cell with a 1 mm× 1 mm view-
ing area. The whole sample is imaged inFig. 3a while ex-
panded images are given inFig. 3b and c. This illustrates
the complexity and diversity of these samples and also indi-
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Fig. 3. (a) Transmission image of the full wet cell of a river water biofilm sample recorded at 288.2 eV recorded with STXM5.3.2. (b) Transmission image
of right-most 150�m× 1000�m for this sample. (c) OD image of area D, a microbial colony adjacent to a diatom skeleton (288.2 eV). (d) Overlay of Ca
(I352–I350) (blue) and Fe (I709–I706) (green) component maps on to the 288.2 eV image. (e) Laser confocal scanning micrograph of the same region. The sample
was stained withUlex europeaus-FITC conjugated lectin with sensitivity to fucose, sealed, and imaged by CLSM prior to X-ray microscopy.

cates some of the challenges involved. A typical field of view
for detailed studies is 20�m× 20�m, so there are a huge
number of possible local environments to explore in detail.
This particular sample has many well-developed biofilm en-
vironments with a thickness and density suitable for STXM.
Area D (Fig. 3c), a set of bacteria lying beside the silicaceous
skeleton of a diatom, has been studied in the regions of C 1s,
Ca 2p, N 1s, O 1s, Mn 2p, Fe 2p and Ni 2p edges.Fig. 3d is
a map of Ca (blue, difference of images recorded on/off the
Ca 2p1/2 resonance at 352.6 eV) and Fe (green, difference of
images recorded on/off the Fe 2p1/2 resonance at 709 eV) su-
perimposed on the OD image at 288.2 eV. The STXM results
are also compared to a confocal laser scanning microscopy
(CLSM) image of the same region (Fig. 3e). In CLSM, laser
excited fluorescence from lectin dyes is used to locate spe-
cific polysaccharides in the extra-cellular matrix. STXM and
CLSM provide complementary information. CLSM has very

sensitive, tunable sensitivity to specific biomolecules and the
ability to perform three dimensional imaging of wet biofilms.
STXM uses intrinsic spectral contrast, which avoids possible
artifacts intrinsic to the biochemical labeling, can sense es-
sentially all species present, and has higher spatial resolution
than CLSM.

Fig. 4 presents quantitative maps of three of the major
components – proteins, polysaccharides and lipids – derived
from a six component stack fit to a 52-image C 1s sequence
(282–315 eV) recorded with STXM5.3.2 in area D for which
the 288.2 eV OD image is shown inFig. 3c. The six reference
spectra are plotted in Fig 4a. A major challenge is to identify
the correct set of reference spectra to properly identify and
map the components. Not only does one have to be careful
that the spectra are correct for the species present in the re-
gion examined, but also the number of model spectra needs to
be large enough to fit the significant variance in the data, but
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Fig. 4. (a) C 1s spectra of six components used to map chemical species in region D of the riverine biofilm. These spectra are derived from selected regions
of the image sequence using spectra of pure materials as a guide. Quantitative component maps (right hand numbers indicate grayscale thickness limits in
nanometer) for (b) the protein, (c) polysaccharide and (d) lipid components, along with (e) a scaled color coded composite of these three components,derived
from a fit to the C 1s image sequence using the six components indicated in panel (a) (recorded with STXM5.3.2).

without using so many components that the analysis becomes
over-determined. At present, we use a trial-and-error strategy
to find the set of reference spectra which just accounts for
most of the variance of the data, as indicated by minimizing
the magnitude and structure of the residual map. This proce-
dure could be greatly assisted by the factor analysis approach
[24]. The component maps (Fig. 4) indicate that the chemical
structure of the bacterial cells, including the EPS matrix and
other biofilm materials are quite complex. Although space
does not permit details, we have used STXM11.0.2 to detect
regions with various oxidation states of Fe, Ni and Mn in
association with bacterial species in this same biofilm sam-
ple [13]. The mapping of Ca and Fe (Fig. 3d) illustrates the
potential to study biomineralization phenomena. Other re-
cent biomineralization studies by soft X-ray microscopy are
STXM studies of Mn nodules and other environmental sys-
tems by Tonner and co-workers[28,29], full field TXM to
examine biofilm formation[30], and X-PEEM to investigate
bio-mineralization in archaeo-bacteria colonies[31].

5. Synthetic polymer systems

Increasingly, sophisticated chemical organization of poly-
mers on the micro- and nano-scale is used to achieve de-
s that
i of
p ntrol

[32], capsules constructed from polyurethanes are used as
adhesives, modified alginate capsules are used for drug de-
livery applications[33], and novel structures self-assembled
from polymer blends and grafts are being developed as po-
tential optical devices[34,35]. The properties of these sys-
tems – compatibility, release rate, resistance to a specific en-
vironment – are optimized for a given application by tun-
ing the porosity and chemistry of the barrier. We are using
STXM to assist optimization of a number of these systems
[33,35,36]. An interesting recent example is ‘tectocapsules’
[37], a novel system for controlled release in which two differ-
ent encapsulation technologies – microspheres and capsules
– are combined in a way that allows the barrier function-
ality to be determined by the capsule chemistry, while the
release functionality is controlled by the properties of porous
microspheres embedded in the impermeable capsule wall.
Fig. 5sketches the ‘tectocapsule’ concept. Initial attempts to
combine these materials resulted in samples where the micro-
sphere release elements were buried in the capsule wall and
thus unable to provide the required ‘gate’ (Fig. 5b). However,
use of a maleic anhydride acid linker greatly improved the
microstructure, with the microspheres penetrating but sitting
mostly on the outside of the capsule wall (Fig. 5c). In order
to optimize this system, it was important to determine the
distribution of the acid linker. For optimum effectiveness, it
should sit only at the outer surface of the microspheres to
a ysis
o ction
ired properties. For example, core-shell structures like
n Fig. 2 are being evaluated for controlled release
heromones for biological based agricultural pest co
ssist in forming the interface to the capsule wall. Anal
f a C1s STXM image sequence recorded from a thin se
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Fig. 5. (a) Sketch of the ‘tectocapsule’ concept. The capsule wall should be impermeable while partial permeability of the embedded microcapsules allows
slow release. (b) Simple combination results in microspheres without external contact (SEM image). (c) Addition of maleic anhydride, a covalently linked
compatibilizer, to the DVB-55 microspheres produces tectocapsules with the desired exterior contact (SEM, scale bar = 100�m). (d) Component map of the
acid linker derived from fits using an internal model taken from the edge of the microspheres. (d) Color composite indicating location of compatibilizer relative
to the polyurea capsule (green) and DVB-55 microsphere (red) (recorded with STXM5.3.2).

of an epoxy-embedded capsule provided a map of the acid
linker (Fig. 5d and e) which was found to be well localized, as
required[36]. The compatibilizer has a local concentration
in the outer 100–200 nm of the microsphere of 5–10% but
overall it is much less than 0.1% of the sample. A large num-
ber of other synthetic polymer microstructure systems have
been examined by STXM, many of them with direct indus-
trial relevance. The unique analytical power and added value
of STXM for feedback in optimization of synthetic polymer
systems is very clear.

6. Surface analysis by soft X-ray spectromicroscopy

Biomaterials used for medical applications are often poly-
mers, either in the bulk, to form structures with desired me-
chanical properties (e.g. flexible dialysis tubes), or as coat-
ings, to provide required chemical and biochemical proper-
ties (protein repellency, hydrophilicity, etc.). Control of the
location and type of proteins adsorbed on first contact of a
biomaterial with bodily fluids is a goal of much biomaterials
development. Optimization of polymer systems to achieve
biocompatibility while providing necessary structural sup-
port and flexibility is a very active area of research and new
techniques, which can offer improved sensitivity are always

of interest. We are developing both STXM and PEEM for
applications in biomaterials optimization. Ideally, one wants
to quantitatively map proteins, cells or other biological sub-
stances adsorbed on the surface of laterally heterogeneous
substrates, under a layer of the bodily fluid of interest (blood
plasma, intercellular fluid, tears, etc.). For this the ability of
STXM to examine samples through an aqueous overlayer
is particularly attractive. Although STXM sums the signal
through the whole column examined and thus has no in-
trinsic surface sensitivity, with sufficient NEXAFS chemi-
cal contrast minority components, such as surface adsorbates
can be mapped. Typically, if the surface signal is of the or-
der of 1% of the total signal, it is feasible to use STXM for
surface studies. Recently, we have used STXM to show that
fibrinogen (Fg) is preferentially adsorbed at the interface of
styrene–acrylonitrile filler particles and a polyether matrix
when a filler-particle polyurethane sample is exposed to a
dilute buffered solution of fibrinogen, and then imaged in
three different forms: dry, with an overlayer of distilled wa-
ter, and with a thin overlayer of dilute protein buffer solution
(at 0.01 mg/ml)[38].

In the X-PEEM instrument at ALS beamline 7.3.1[6], a
30�m diameter X-ray beam strikes the surface at 15◦ inci-
dence. Primary and secondary photo-ejected electrons, ex-
tracted into an electrostatic imaging system by a strong elec-
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tric field (∼10 kV/mm) at the sample, are used to form a
magnified image at a phosphor screen, which is then recorded
with a CCD camera. The spatial resolution can be as good
as 50 nm, although it is more typically 100 nm for studies of
polymer thin films due to the need to reduce flux to minimize
radiation damage. Samples for X-PEEM must be conduct-
ing, very flat (<1�m roughness, without sharp discontinuities
that can cause field emission) and UHV-compatible (no out-
gassing). Images are recorded at one or more photon energies,
and image sequences are used for spectral acquisition. The
X-PEEM sampling depth,∼5 nm for C 1s studies of soft mat-
ter (this value depends on the material and photon energy),
is very similar to the size of the large protein or polysac-
charide macromolecules that are involved in cell attachment,
foreign body recognition etc. Thus, X-PEEM is well suited
to biomaterials studies. It has several major drawbacks, such
as requirement of vacuum compatibility, and adequate con-
ductivity of the sample to avoid charging. However, many
other vacuum techniques are routinely used for biomaterials
studies – X-ray photoelectron spectroscopy, secondary ion
mass spectrometry, electron microscopy etc. – and thus, with
appropriate precautions, it is reasonable to expect X-PEEM

can provide relevant information about protein biomaterial
surface interactions.

Blends of polystyrene (PS) and polymethylmethacrylate
(PMMA) are being used as model substrates for investigating
preferential protein attachment. We have used atomic force
microscopy (AFM), STXM and X-PEEM to investigate phase
segregation in spun cast thin films of PS/PMMA blends[39],
and the interaction of fibrinogen with the laterally differenti-
ated PS/PMMA surfaces[40]. Fig. 6presents OD images of a
∼40 nm PS/PMMA thin film recorded with STXM5.3.2. The
film was initially spun cast from a 1% toluene solution onto
freshly cleaved mica, transferred to the surface of ultra-pure
water then to a silicon nitride window, and vacuum annealed
at 160◦C for 8 h. The high degree of phase segregation into
PS and PMMA domains is obvious from images at the two
high contrast energies (Fig. 6a and b). At all other energies,
there is little or no contrast. Analysis of the C 1s spectra of the
PMMA domains (Fig. 6d) show them to be quite pure, with
less than 3% of the signal arising from PS. The small PS signal
arises from very small micro-domains of pure PS trapped in
the PMMA macro-domains.Fig. 6c shows an expanded im-
age, which shows a PMMA micro-domain in PS and (lower

F
a
a
P

ig. 6. (a) OD image (285.1 eV) of a∼40 nm PS/PMMA thin film spun cast on a
67 energy image sequence (for a total of∼70 ms at each pixel,∼10 MGy dose). T
t this energy. (c) Expansion of Fig. (6a) measurement showing a∼100 nm PMMA
MMA domain. The 2% PS component arises from PS micro-domains (reco
Si wafer recorded with STXM5.3.2. (b) OD image (288.4 eV) recorded after
he radiation damage from the image sequence is very small and only visible
micro-domain trapped in a PS macro-domain. (d) Fit to the spectrum of the
rded with STXM5.3.2).
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left) a PS micro-domain in PMMA. One issue of continual
concern in soft X-ray microscopy is radiation damage. The
288.4 eV image (Fig. 6b), recorded after a 67 energy image
sequence (∼70 ms exposure at each pixel,∼10 MGy dose),
shows that the analytical measurement does cause detectible
damage, but this is very small. Analysis of the image contrast
indicates the damage reduces the C 1s→ �* C O transition
intensity by only 5% of the spectral change at saturation dam-
age[41]. The beam damage was only visible at this particular
photon energy, indicating negligible mass loss has occurred.
In general, it is important to characterize dose–damage re-
lationships[41] and to use the minimum practical measure-
ment doses. Typically, we try to keep the exposure to less
than 20% of the half-time for the fastest damage process,
although longer exposures are sometimes needed to obtain
adequate statistics, and can be justified in that, although the
most sensitive component may be modified in the measure-
ment, the additional signal allows more confident mapping
of another component which damages at a slower rate. This
is the situation for the acquisition strategy used for X-PEEM
detection of fibrinogen adsorbed on PS/PMMA[40].

PS/PMMA thin film blends on Si or Si3N4, have been used
as a substrate for systematic studies of the adsorption of fib-
rinogen. While PS and PMMA have similar hydrophobicity,
the polarizablity and hydrogen bonding capability differs so
it is reasonable to expect some difference in the affinity of a
p erms

measured on pure PS and PMMA with125I radioactive la-
beling[40] show that fibrinogen has a higher affinity for PS.
The question that X-ray microscopy can address is whether
the adsorption is dictated by thermodynamics or by kinet-
ics, since a different site might be kinetically favored. When
adsorption is carried out from dilute phosphate buffered so-
lutions X-PEEM shows that fibrinogen prefers to adsorb on
the PS domain, as predicted from the radio-labeling studies
[40]. However, when the adsorption is performed from a non-
buffered aqueous solution, the fibrinogen shows a clear pref-
erence for adsorption at the interface of the PS and PMMA
domains.Fig. 7shows C 1s and N 1s X-PEEM results for ad-
sorption of fibrinogen from deionized water at two different
concentrations.Fig. 7a is the color composite derived from
a C 1s image sequence for adsorption from a 0.05 mg/ml Fg
solution. It suggests that Fg prefers to adsorb at the interface
of the PS and PMMA domains, rather than preferring ei-
ther domain alone. The spectra of high-PS, high-PMMA and
high-Fg regions extracted from regions defined by threshold
masking the individual component maps are shown inFig. 7b.
These spectra show that the signal from the interface (blue)
is a composite of PS, Fg and PMMA, while the spectra of the
PS (red) and PMMA (green) domains are relatively pure sig-
natures of the dominant species.Fig. 7c and d are results from
analysis of a N 1s image sequence recorded for adsorption
f ith
t ound

F : blue) min to a
0 equen efined as
P maskin∼t map
(
f
(
d

rotein for these two species. Indeed, adsorption isoth

ig. 7. (a) Color coded composite map (PS: red, PMMA: green, Fg
.05 mg/ml aqueous solution of Fg, derived from a C 1sX-PEEM image s
S-rich (red), PMMA-rich (green) and Fg-rich (blue) from a threshold
PS: red, PMMA: green, Fg: blue) of a PS/PMMA thin film (40 nm thick on a
rom a N 1sPEEM image sequence. (d) N 1s spectra of regions defined as F
∼top 20% of signal) of the Fg component map, the non-Fg component ma
omains, probably by topographic contrast). The insets in (b) and (d) indicate
rom a 0.1 mg/ml Fg unbuffered aqueous solution. As w
he C 1s measurement, the N 1s signal of fibrinogen is f

of a PS/PMMA thin film (40 nm thick on a Si wafer), exposed for 10
ce. (b) C 1s spectra extracted from the image sequence by regions d
g (op 20% of signal) of the component maps. (c) Color coded composite

Si wafer), exposed for 10 min to a 0.1 mg/ml aqueous solution of Fg, derived
g-rich (blue), PS-rich (red), PMMA-rich (green) identified by threshold masking
p and the inverse of the non-Fg map (the non-Fg map shows the PS and PMMA
the regions from which the spectra were obtained (recorded with ALS PEEM-2).
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Fig. 8. (a) PS, (b) PMMA, and (c) albumin component maps and (d) color composite derived from a C 1simage sequence from a 40 nm PS–PMMA thin film
on a Si3N4 window exposed to a 0.02 mg/ml aqueous solution of human serum albumin. Excess protein solution was washed off prior to drying and measuring
the sample. The numbers on the right hand side indicate grayscale thickness limits in nanometer (recorded with STXM5.3.2).

at the interface of the PS and PMMA domains. Although a
small protein-like N 1s signal is found in spectra extracted
from the PS and PMMA domains, this is only about 10% of
the signal found at the interface. When the spectrum of the in-
terface is compared to the N 1s spectrum of pure Fg (Fig. 7d),
there is additional intensity around 399–400 eV. These differ-
ences most likely indicate radiation damage, which is known
to reduce the intensity of the 401.2 eV transition and form a
damage product with signal below 400 eV[41].

Fig. 8 shows results from analysis of a C 1s image se-
quence recorded using STXM for a sample consisting of a
PS/PMMA thin film blend (on Si3N4) exposed for 10 min to
a 0.02 mg/ml solution of albumin in deionized water, then
rinsed to remove non-adsorbed protein. Again, it is clear that
the protein preferentially adsorbs at the interface. This is per-
haps not surprising as proteins have multiple sites for attach-
ment, and the PS/PMMA interface may offer more favorable
sites than just pure PS or pure PMMA. What is significant
about this example is that protein can be detected and mapped
with the ‘bulk-sensitive’ STXM technique at monolayer lev-
els similar to those detected in PEEM.

7. Summary

The field of soft X-ray spectromicroscopy is very young
and there are countless opportunities for further improve-
ments in instrumentation, data analysis, and novel applica-
tions. Although access is still somewhat limited, as more third
generation synchrotron facilities come on line additional mi-
croscopes will be built and there will be more opportuni-
ties for new users to join this field. Trends in recent and
future developments include: in situ sample modifications
such as gas–surface reactions, thermal processing, strain,
electrochemistry, etc.; three dimensional chemical mapping
[42]; further improvements in spatial resolution through bet-
ter zone plates[43], and use of scanning probe tips as local-
ized detectors of photo-ejected electrons[44].
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