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Introduction

Over the past two decades synchrotron-based soft X-ray imaging techniques have
developed into powerful tools for characterization of many different types of
samples and phenomena. The suite of such techniques now rivals analytical
electron and scanning probe microscopies in terms of breadth of methodologies and
applications. It is important to recognize that sofi X-ray imaging is a complement
rather than a competitor to electron and scanning probe microscopies, typically
with unique or superior analytical properties but almost always, lower spatial
resolution. As the numbers of soft X-ray microscopy beamlines is steadily growing,
access to these facilities is increasingly available. 1t is now very feasible to plan
research strategies that integrate soft X-ray synchrotron imaging with a wide range
of laboratory-based nanoscale microscopies, including scanning probe (Chapters
2, 15, 16), transmission electron (Chapters 1, 3-11, 14), and secondary electron
(Chapters 17, 25) microscopies, as well as hard X-ray microscopies [1].

This chapter summarizes the most common soft X-ray microscopy techniques
and gives insights into the instrumental issues and near future developments,
along with selected examples that illustrate the power of each approach. Essentially
all techniques described use synchrotron radiation since this is the most powerful
and flexible source of soft X-rays currently available, This chapter will not give
any general introduction to synchrotron radiation light sources, insertion devices,
and beamlines, as these are well described elsewhere |2, 3]. Where specific
issues of the X-ray source or beamline are relevant, such as degree of coherence,
details are provided. While there are significant efforts to develop competitive
laboratory-based soft X-ray microscopes based on higher harmonic lasers (4],
laser plasma sources (5], or electron-to-X-ray conversion schemes [6]. these are
not competitive at present in terms of spatial resolution, intensity, or analytical
performance, especially in the arena of nanoscaopy.
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The field of soft X-ray microscopy has been reviewed regularly [7-17] dur-
ing its development in the past 20-30 years. The more comprehensive reviews
include an carly overview of all types with emphasis on biological applica-
tions [7]; photoelectron imaging (10, 11}; a comprehensive review of methods
using energy resolved photoelectrons, along with surface and materials appli-
cations [12]; a detailed exposition of he principles and applications of zone
plate (ZP)-based microscopes [15]; a review of polymer applications [16]; and
a recent focused review of biomaterials applications of X-ray photoemission
electron microscopy (X-PEEM) [17). The textbook, Soft X-rays and Extreme Ul-
traviolel Radiation, Principles and Applications, by David Attwood [3], is essential
reading in this field. 1 will refer 1o specilic reviews or articles for

more de-
tailed presentations on specific topics as they

are presented. As a complement
to this review, I maintain and regularly update a web accessible bibliography
(h!rp.‘//un.i(:orn.n-r(‘nuurvr‘.gu/.\'rmnhfhl'r'n/xu'rn_hfh.h!ml) of publications in sofi X-ray
microscopy, which was originally published as a supplement o a review of polymer
applications [ 16].

Soft X-ray imaging methods can be divided into three general types: (i)
methods using focused X-rays, with the focusing
Kirkpatrick-Baez (KB) — or ZPs, including scanning transmission X-ray microscopy
(STXM), which is based on the detection of the transmitted X-rays, and scanning
photoelectron microscopy (SPEM), which is based on kinetic-energy-resolved de-
tection of the photoelectron; (ii) full-field methods. which include transmission
X-ray microscopy (TXM) in which ZPs are used both to control illumination
and to project the distribution of the transmitted X-r:
detector and X-PEEM in which the distribution of e
mary and secondary) is magnified using electrostatic and for magnelic electron
magnihication lenses and imaged with a suitable Xeray sensilive camera; (i)
coherent diffraction imaging (CDI) methods, in which the far-field coherent scal-
tering signal is measured and inverted into a real space image via a variely of
methods. Table 22.1 is a listing of the soft X-ray microscopes available around
the world, to the best of my knowledge. Figure 22.1 [18] shows the schematic
layout of the common methods of types (i) and (ii). CDI
much at the frontier

achieved by mirrors — typically

ays to an appropriate area
jected electrons (both pri-

methods are very
of soft X-ray imaging and will become increasingly im-
portant as fourth-generation light sources come on line and mature. However,
this chapter focuses on direct imaging methods and does not cover CDI moth-
ods. Readers interested in CDI should consult other articles [19] and reviews
20},

Figure 22.2 [21] shows a conceptual plot of how the various branches of X-ray mi-
croscopy and related coherent diffraction (also called “lensless™) imaging techniques
perform with respect to photon energy and spatial resolution. As this handbook

focuses on deep submicron resolution (=100 nm) and this chapter deals with soft

Xeray techniques, this review deals with techniques that perform within the dotted
reclangle in the lower lelt part of this plot.

Synchrotron soft X-ray microscopes.

Table 22.1

Source E-range (eV) Status

Name City Country

Facility

Type

Construction
Operating

270-2600
250-900
250-6000

BM
BM
BM
BM

Spain

Barcelona
Berkelev

Mistral

XM1

Alba

TXM

USA
USA

Berkeley
Aarhus
Berlin

ALS
ALS

XM

Operating

XM2 (NCXT)

XRM

TXM

Operating

500
250-600

250-2500

Denmark
Germany
UK

Astrid

TXM

Operating
Con

Und-L
BM
BM
BM

U41-TXM

BESSY

XM

TXM

truction

S

Chilton

Diamond
NSRL

Operating

B24 cryo-TXM

TXM

500

500
100-2000

175-1

China

Hefei

TXM

Operating

Japan

Kyoto

BL12

Ritsumeikan
Alba
ALS
ALS

XM

Construction
Operating

Spain
us

Barcelona

Circe

X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM
X-PEEM

00

i

BM
EPU

Berkeley
Berkeley

PEEM-2

Operating

150-2000
100-1800
100-1800
130-2500
80-2100
50-1000
100-1400
60-1400
50-150
90-1200

usa

PEEM-3

Operating

EPU

Germany

Berlin

UE49 SMART
UE49 SPEEM
CaPeRS

106

BESSY
BESSY

CLS

Commissioning

Operating
Operatin,

EPU
EPU

Germany

Berlin

Canada
UK

Saskatoon
Chilton

2

EPU

Diamond
Elettra

Operating

Ttaly EPU

Trieste
Lund

BL1.2L

1311

Operating
Operatin

Und-L

EPU
BM

Sweden
Taiwan
Japan

MAX-lab
NSRRC

g

Hinschu
Tsukuba
Villigen

BLO5B2

Operating

BL 18A
SIM

Photon factory

SLS

Operating

EPU

Switzerland

France

22.1 Introduction

Operating

5
250-1500
220-2000
300-1800

70-2000

0-1

EPU

Saint-Aubin
Saint-Aubin

Tempo
Hyogo
Hyogo

Soleil
Soleil

Commissioning
Operating

EPU
EPU

E

France
Japan

Hermes
BL25SU

Spring-8
Spring-8
S

Operating

Japan PU

USA

BL17SU
Sphinx

Operating

Und-L

Stoughton

RC

(continued overleaf)
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(Continued)

Table 22.1

E-range (eV) Status

Source

Country

City

Facility Name

Type

Operating

250-750
250-2500
100-2000
250-600
250-1500
130-2500
250-2500

BM
BM

UsA
USA
USA

Berkeley

5.3.2.2
5.3.21

ALS

STXM

STXM

Commissioning
Ooperating

Berkeley

ALS

EPU
BM

Berkeley
Berlin

11.0.2

ALS

STXM

sioned

S:

Decommi

old-STXM

BESSY
BESSY
CLS

STXM

STXM

Germany

Operating

EPU
EPU

Germany
Canada
UK

Ttaly

Berlin

MAXYMUS
101D1
108

Operating

katoon

Chilton

S|

Sa

STXM

Construction
Operating

EPU

Diamond
Elettra

STXM

250-2000
50-800
250-1000
100-2000
250-750

Trieste ) Und-L

Twin-mic
BL4U

(S)TXM
STXM

STXM

Construction

Und-L

g
a. v
=5

Okazaki
Upton

UVSOR
NSLS
PLS
SLS

Decommissioned

Und-L
EPU
BM
BM

E

X1A (2)

Construction
Operating

o
=
5

b4

Pohang

nanoscopy
PolLux

STXM

b
&
=
[}
&
2
n

STXM

Commissioning
Construction
Operating

250-750
250-1

Switzerland

France

NanoXAS
Hermes

SXS

13-1

LS
Soleil
SSRF
SSRL

S

STXM

500

PU

Saint-Aubin
Shanghai

STXM
STXM

STXM

200-2000
250-1000
90-1300
90-1300
200-1400

EPU
EPU

China

Stanford
Berkeley

Operating

UsA
UsA
USA

ltaly

Decommissioned
Commissioning

Und-L
EPU

BL7.0

LS

A
ALS

SPEM
SPEM
SPEM
SPEM
SPEM
SPEM

Berkeley
Trieste

Maestro

Operating

Und-L
Und-L
Und-L
Und
Und
EPU

BL22L

Elettra

Construction

Operating

7.95

[taly

Trieste
Lund

BL32L
BL 31

Elettra

0

60-1500
20-2000
50-1500

Sweden
Taiwan

MAX-lab
NSRRC
PAL

Operating

Hinschu
Pohang

BL0O9A1
8Al

Operating
Operatin

Korea

Saint-Aubin

SPEM
SPEM

g

France

s

Antare

Soleil
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thus is primarily a “bulk" sensitive tech-
nique, while the second method involves
electron detection and thus is primarily

a surface-sensitive technique. (From Ref,
[18], used with permission from the author,
Joachim Stohr.)

Figure 22,1 Schematic layout of the four
common methods of soft X-ray microscopy,
which include two focused probe methods,
STXM and SPEM, and two full-field imaging
metheds, TXM and X-PEEM. In each case,
the first of the two methods involves trans-
mission of X-rays through the sample and

22.2
Experimental Techniques

22.2.1
Full-Field Transmission X-Ray Microscopy (TXM)

This was the original synchrotron-based, soft X-ray imaging technique, developed in
the 1960s by Schmal and Rudolfat Gétlingen University [22, 23), The optical layout
is analogous to that of a conventional visible light microscope. with a condenser
lens used to increase the light density at the sample and an imaging lens to magnify
the transmitted light and transfer it to a detector. As indicated in Figure 22.3, a
large ZP is used as both a condenser and a crude monochromator to concentrate a
narrow band width of the incident X-rays to a few tens of microns, and a micro ZP is
used to reimage the X-rays that are transmitted through the sample. Magnification
is controlled by the position of the micro ZP and the recording device and by the
properties of the imaging micro ZP. There has been a tremendous improvement
in the quality of ZPs used for both full-field and scanning microscopes over the
past 30 years, with several laboratories producing state-ol-the-art ZPs capable of
10 nm imaging [24, 25] and commercial suppliers able to provide ZPs with 25 nm
performance. With careful tuning and high-contrast samples, it is possible to
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Figure 222 Classification of X-ray mi- ones with filled symbols of the appropriate
croscopy techniques based on focusing tech-  color, circles correspond to synchrotrons,
nologies, achievable spatial resolution, and and squares to laboratory sources. See the
photon energy range. Points indicate the cur- original article [21] for the sources of the
rent capabilities, whereas the shaded zones  specific performance data. The dotted rect-
indicate the range of spatial resclution and angle indicates the regime relevant to this
photon energies where the technique is ap-  chapter. (From Ref. [21], used with permis.
plicable as well as the expected potential sion from Materials Today via RightsLink
for spatial resolution, Calculated resolutions  license 2517731089158.)

are shown with open symbals, measured

increase the spatial resolution by using higher diffraction orders of the ZP [26).
Exposure times are typically a fraction of a second up to a few tens of seconds.
Although TXMs have the tremendous advantage of parallel detection, there are
limitations to the lield of view, which is typically between 10 and 30 pm. Mechanical
scanning of the sample and tessellation of carefully matched images is used to
study wider fields of view.

In general, TXMs produce some of the highest spatial resolution images [25], are
excellent tools for magnetic dynamics studies [28-30], and are the preferred method
for tomography (see below) but are only rarely used for spectromicroscopy [33-34],
Most TXM instruments are located on bend magnets without any dispersion device
other than the condenser ZP. The carly applications of full-field microscopes
were in waler-window biological imaging [35]. More recently, applications have
emerged in static magnetism (using off-axis partly circularly polarized X-rays) [27],
time-resolved magnetic dynamics [28-30]. and a wide range of materials such
as cement [31-32]. Until recently, although most bend-magnet sources provide a
much wider spectral range of X-rays, almost all TXM research has been carried
out in the water window (300-520¢V) in order to study fully hydrated samples.
In addition, although TXM condensers act as a crude monochromator, it takes

Plane
mirror

ALS bending
magnet

Figure 223  Layout of a bend-magnet-based
full-field transmission X-ray microscope
(TXM, in this case, XM-1 at the Advanced
Light Source) [27). This relatively sim-

ple approach provides very high flux and
some energy tunability by moving the con-
denser zone plate. The sample is typically

22.2 Experimental Techniques

Condenser
zone plate

Applied
____magnetic
= field

Micro
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zone
stage plate k
Solt X-ray
sensitive
CCD

enclosing the upstream and down stream
optics), which allows relatively straightfor-
ward adaptation to modification of the sam-
ple environment, as illustrated in this figure,
by the applied magnetic field. (From Ref.
[27], used with permission from Materials
Today via RightsLink license 2534370654740.)

in air (with a short path length to windows

considerable cffort to reoptimize the optical setup for different photon energies,
and thus most systems have little or no capability to scan the photon energy
for spectroscopic applications. A major exception is the undulator-based full-field
TXM at the U4l undulator beamline at the Berlin synchrotron, BESSY2 [33).
Soft X-ray undulator radiation has a high degree of coherence, vet the optical
principles of TXM require incoherent illumination to avoid artifacts associated
with coherent diffraction [36]. The BESSY2 TXM uses a novel rolating capillary
optic as the condenser [37] to “bust coherence,” thereby allowing use in a TXM
of highly monochromated and tunable, but mostly incoherent, light. An alternate
approach ol rotating a section of condenser Z.P has been implemented at the other
undulator-based TXM, Twinmic at Elettra |38]. However, to my knowledge, this is
not yet set up for spectroscopic full-field studies. Perhaps the most specialized TXM
is that of the National Centre for X-ray Tomography (NCXT) at the Advanced Light
Source (ALS), which is dedicated to high-throughput water-window tomography.
Further discussion of this instrument and its capabilities is given in Section 22.4.3,

2222
Full-Field Photoelectron Microscopy (X-PEEM)

Photoemission electron microscopy (PEEM) is the only soft X-ray imaging tech-
nique where there is a larger nonsynchrotron than synchrotron community. Laser
or Hg lamp UV illumination is used in laboratory implementations, and topogra-
phy and work function are the dominant contrast mechanisms. When mounted on
a high-performance beam line at the synchrotron, PEEM instruments can exploit
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TCCD

a much wider range of contrast mechanisms, including spectroscopy (elemen.
tal and chemical). X-ray linear dichroism (XLD) 10 study geometric alignment,
Xeray magnetic circular dichroism (XMCD) 10 study lerramagnetisi, and Xeray
magnetic linear dichroism (XMLD) to study antiferromagnetism. While there are
numerous implementations of the commercial instruments at synchrotrons, the
two most advanced are custom-buill instruments: the spectromicroscope for all Sample
relevant techniques (SMART) facility at BESSY2 [39-41] and the PEEM-3 facility

at the ALS [42-44). SMART has implemented aberration compensation electron

aplics to reduce both spherical and chromatic aberrations [41], with the poal to

achieve spatial resolutions below 5 nm with Xeray illumination. PEEM-3 iz in the

process of implementing a similar system, Figure 22.4 presents o schematic of

the electron optical layout of the PEEM-3 instrument at the ALS. Operational

since 2008, as of fall 2010, the instrument is in PEEM-2.5 configuration, withou

the aberration compensation section in the dotted rectangle, Although these two i) L
instruments are still under development, the expectation is for very large improve-
ments in efficiency for a spatial resolution in the 50-100 nm range {that of current
synchrotran-based X-PEEMs) and to ultimately achieve sub-5 nm spatial resolution t [—o— PEEM3 Simudation
with a small percentage of overall transmission {which is a transmission similar to [ [—e— PEEM2

that of current X-PEEM istruments) (Figure 22.4b}, These expectations are hirmly
based on experiences with the performance of analytical aberration-compensated Ll 3
electron microscopes (45, 46), The SMART system at BESSY2 has achieved bet-
ter than 4 nm in the low-cnergy eleciran microscopy (LEEM) mode of operation
[+, which is a truly remarkable performance. However, to my knowledge, the
mmprovements in the spatial resolution and transmission in the X-PEEM mode
have not been as good as originally expected. In parallel to the developments at
BESSY2 and the ALS. Tromp et al. [47) have developed an alternative aberration
compensation concept, which has also achieved remarkable performance and is
lseing made available commercially as a combined LEEM/PEEM instrument. |
cspect significant improvements in X-PEEM performance in the next few yEirs, Tho e bt — it il
as these aberration-compensated instruments mature, It should be noted that the 0.01 0.1 1 . 10 100
ultimate spatial resolution can be altained only with aptimal samples, ones that (b Transmission (%s)

arc totally flat. conducting, and with a uniform potential at the surface,

Electrostatic
v | Dipale dodacapoio

I separator Electrostalic
= : l quadrupole

magnelic

el Electrostatic/
[! dodacapoio

Resolution (mm)
=t
T

2323
Scanning Transmission X-Ray Microscopy [STEM)

Figure 324 (a) Electran optical layout of
the PEEM-3 instrument at the ALS [44]. Op-
erational since 2008; as of spring 2011, the
Instrument is in PEEM.2.5 configuration,
without the aberration compensation section

predicted transmission of the optics as 2
function of spatial resolution, with and with-
out the aberration compensation, (Andreas
Scholl, private communication, used with
permission,}

i i the dotted rectangle. (b) Comparisan of
In a STAM. images are oblained serially by mechanically raster scanning the ol g (B Comp

sample though the focal point of a ZP X-ray lens or {in a few cases) by scanning the
21" and order sorting aperture (0$A) synchronously while the sa mple is stationary.
Figure 2253 is a schematic of the focusing geometry of a ZP oplic. The O5A
is required to block the zeroth order (undiffracted) light, which |s typically 5-20
times more intense than the first-order focused light, Figure 22.5b.c provides
schematics ol the polymer STXM [48] at the ALS on beamline 5.3.2.2 49]. This
was the first successful implementation of interferometric control of the (XY}

spatial relationship of the ZP and sample." Similar approaches have now been
implemented in other commercial and custom-built saft X-ray STXMs. The quality
of the ZP is paramount to the intrinsic resolution capabilities of the STXM {as

1) The first STXM a1 the NSLS X-ray ring samiple stage but not the correlation of the
used o nondifferential interferometry sys- sample position with the 21 [50],
tem to monitor the (xy) position of the
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Figure 22,5 (a) Schematic of the focusing spatial relationship of the zone plate and

N A scanning transmission X.ray microscope  sample, Sirmilar approaches have been im
(STXM). (b) Schematic of stage motions plemented in many other commercial and
in the STXMs at ALS, CLS, and 505, () custom-built soft X-ray STEMs — see Table
Schematic of the polymer STXM [48] at the 22,1, (From Ref. [48), used with permission
Advanced Light Source, beamline 5.3.2.2 [49]. frem IUCr ~ e-mail from Peter Strickland, 29
This was the first successful implementa- Sep, 2000.)

tion of interderometric control of the (X1

well as SPEM and TXM) and is imited by fabrication technologies that have been
slowly but continuously improving over the past decades.

since ZP focusing is so critical to soft X-ray microscopy, it is worth considering
the dependence of the focusing on the ZP properties [3, 15). A Fresnel ZP s a
cincular diffraction grating, ideally consisting of concentric metal rings alternating
with circular slots mounted on a thin X-ray transparent support, The ZP provides
a hrstaorder diffracted beam when the path difference between neighboring open
zones 15 such that the signals from all the apen zones reinforce at the focus, To
second order (which is a valid approximation at low numerical aperture {MA)), the
locusing condition is given by [15]

ry, = hif 221)

where r, is the radial position of the mth zone, & is the Keray wavelength, and fis the
local length. ZPs are stronply chromatic devices, with the focal length inereasing

222 Expenmental Techmigues

lincarly with photon energy. To get a good focus, the ZP must be illuminated
with monochromatic light. The condition to achieve diffraction-limited resolution
is given approximately by (51,
s 1
ks S (22.2)
A n.
where n, is the number of zones, Thus, for a 2P with 300 zones {typical of ZPs
used in modern STXMs) a resolving power better than 1000 je required. Typically
beamlines for STXM are designed to provide & minimum of 3000 resolving power,
and the undulator-based STXM beamlines achieve resalving powers of 10000 or
higher, such that there is no problem achieving diffraction-limited performance.
However, energy resolution can limit the achievable spatial resolution if the
diffraction-limiting apertures (which are usually combined with the exit slit function
of the monochromator) are set too wide, in which case resolution degradation will
occur. The NA ofa Z1" is given by [15)].
) A
24,
where Ar, is the outer zone width, The diffraction-limited resolution of a ZP
according to the Rayleigh eriteria [36] is given by
G614
Biyleigh = ——— = L.2ZAr, 22.4
iLyyleig) NA Ary [ I
and the focal length in pm is given by
. Dary, DA E 5
J=—m— (22.5)
A 1239.%

NA = :r (22.3)

where D is the diameter of the ZP in pm, Ar. is the outer zone width in
nm, and £ is the photon energy in eV, While the above equations describe the
performance of ZPs in first order, ZPs also produce odd higher orders of focusing,
with a focal length of fym, where m is the order of focusing. Thus, when a ZP is
operated using its third-order focused spot, the spatial resolution is theoretically
three times better than at first order, and with care, this approach can be used to
improve spatial resolution [26). However, the energy resolution needed to achieve
diffraction-limited resolution for third-order operation is much higher (=3}, and
the intensity is much lower, than for first order, such that it is very challenging
to find and optimize the third-order focused light from a ZP, Many other issues
are invelved in fully optimizing the properties and fabrication of high-quality ZPs,
These are discussed in great detail in the comprehensive treatment by Howells,
Jacobsen, and Warwick [15].

While the ZI° optic places fundamental limits on the spatial resolution perfor-
mance of STXM microscopes (as well as TXM and SPEM), there are many other
factors that must be optimized to achieve the focusing potential. STXMs typically
invalve many high-precision motorized stages for positioning and scanning. These
need to be carefully selected to provide the required precision, linearity, and step
size resolution. A critical aspect is EIﬂ'.Ji]i.'.".‘il]g the AT focal lm:i:i[]nn a5 F:i]n[m] ot
ergy is changed. Since the focal length varies linearly with photon encrgy {Eq.{4.5)).
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a typical near-edge X-ray absorption spectroscopy (NEXAFS) spectral scan of 40 eV
width requires a change in the z-position of the ZP or sample of several hundred
microns, which must be made with a lateral shift {rollout) much less than the
spatial resolution (say, 10nm). Since the best high-precision mechanical stages

(which are needed to give the required range of motion) have rollout figures of

100 nm at best, it is not possible 1o preserve positioning on the sample by relying
only on the properties of the mechanical stage(s) used lo set the focal length.
Indeed, before the development of interferometric control [48] of STXM mecha-

nisms, drift in the image position was typically a few microns over the course of

a 40 eV NEXAFS scan. While this can be largely corrected by software alignment
procedures developed for image sequence or stack mode of data acquisition [52),
the rollout issue makes point or linescan spectroscopy difficult or impossible, and
the software algorithms for alignment have significant limitations, especially when
the stack has reversals in image contrast with photon energy. In contrast, when
properly tuned, the interferometric controlled STXMs achieve positional st
better than 50 nm over very large photon energy ranges — typically the full photon
range available on the beamline [48]. This active interferometric control approach

also provides some compensation for environmental vibrations, typically up to 50
or 100 Hz.

Many different types of detectors have been developed for use with soft X-ray
STXMs. These include gas proportional counters (53], phosphor-photomultiplier
systems [48]. Si photodiodes, avalanche photodiodes, diode arrays |54, 55|, and
imaging systems [56}. The last two types of detectors are able to provide dark field
and phase contrast signals [56], in addition to the bright field signal. High detector
efficiency is important 1o minimize the dose (and thus radiation damage) needed
for a given statistical precision. The single photon counting systems typically
achieve an efficiency of 30-50%, depending on the photon energy.

An advantage of the photon-in, photon-out character of STXM (and TXM) is
that it is possible to operate these micrascopes with the X-rays traversing a finite
gas path. Thus, most of the TXMs operate with the sample in air, while STXMs
typically have the sample and all of the microscope mechanism in a tank that
can be evacuated and back filled with He, which is needed to prevent overheating
of motors. Aside from the cryo-STXM at the National Synchrotron Light Source
(NSLS 1) (|57], presently decommissioned), the new MAXYMUS microscope at
BESSY2, [58] , and the STXM at beamline 5.3.2.1 at the ALS [59] which are
constructed with [ull ultrahigh vacuum (UHV) technologies, STXMs have been
constructed using low-vacuum technologies and lubricated mechanical stages that
use volatile organic lubricants. A consequence is that there is a significant problem
ol carbon contamination of samples when the focused, high-dose-density X-ray
beam is left on the same spot on the sample for a time, giving a dose in the
giga Gray (GGy) range (which can be a few seconds or even simrfor). In order to
gel around the problem with carbon contamination of samples when using long
exposures, as well as to implement some significant advances in the mechanical
and controls technologics, a new STXM has recently been developed on a dedicated
bend-magnet beamline at the ALS [59]. In addition to use of UHV technologies to
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ensure a clean, low-organic environment, it has been designed to sean the ZP as
well as the sample, thereby allowing heavy, complex sample mountings, such as
that for cryo-spectro-tomography, to be used. In addition, the beam line features an
extended photon energy range, from 250 to 3000. The instrument is undergoing
commissioning and will be available for general use by the end of 2012,

22.2.4
Scanning Yield Techniques (SPEM, LEXRF-STXM, STM-SXM)

This scction describes systems in which a detection channel different from the
transmitted X-ray beam is used in a focused probe X-ray microscope. This is
typically done to provide sensitivity to a different aspect of the sample, such as
its surface, which can be measured with total clectron yield (TEY) detection in
STXM or by SPEM; clectrical properties, measured by clectron beam induced
current (EBIC) in STXM; optical luminescence properties [60]: or low-cnergy
Xeray fluorescence (LEXRF) measured in STXM [61-65]. An emerging and very
promising technique to achieve extremely high (perhaps subnanometer) spatial
resolution is to operate a scanning probe microscope (SPM) = typically scanning
tunneling microscope (STM) - with zone plate focussed X-ray illumination of the
sample—tip junction. Modulation of the X-ray intensity induces a modulation of
the STM signal to the extent that X-ray photoionization contributes to the detected
signal. Encouraging preliminary results have been obtained at the Pholon Factory
[66], and the nanoXAS beamline at the Swiss Light Source [68] is dedicated to the
development and exploitation of STM—STXM.

When electrons are the detected particle, there is enhanced surlace sensitivity.
This can be achieved in a STXM simply by measuring the sample current or,
with single electron sensitivity, by using a channeliron or channelplate if the
vacuum is good enough (<5 x 107" torr). While not as sensitive, sample current
detection does allow measurements in very poor vacuum (10°% tarr), typical of
present-generation STXMs. In order to detect electrons with a specific kinetic
energy, a time-of-flight (TOF) or dispersive electron spectrometer is required,
which necessitates a good high-vacuum or UHV environment in order to minimize
inelastic scattering of the photoclectrons before dispersion and detection. Such
SPEM [12] are implemented at several synchrotrons (NSRC, Taiwan; PLS, Korea:
Elettra, Italy), with the Electra ESCA microscope system being perhaps the best
developed and most productive to date. Figure 22.6a shows the basic concept of
SPEM [12]. Tt uses a typical ZP-OSA probe-forming system as also used in STXM.
FHowever, in contrast to STXM, where the sample is usually orthogonal to the beam
direction, in SPEM the sample is placed at an angle to the incoming X-rays in order

to optimize the solid angle seen by the electron energy analyzer. Since the yield of

energy-selected photoelectrons is much smaller than the intensity of the transmitted
lightor the TEY, it is important to have as efficient an electron spectrometer system
as possible, which typically means using some type of multichannel detection in the
electron analyzer (Figure 22.6b). Because of the low electron yields, the ZP systems
used in SPEM are usually selected to have lower spatial resolution and higher
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Figure 22.6 (a) Schematic of a scanning photoelectron mi-
croscope (SPEM). (b) Schematic of parallel detection in the
electron spectrometer to gain efficiency in SPEM. (From Ref.
[12], used with permission from Prog. Surf. Sci via Rights
Link license 2518440745535.)
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efficiency than those used in STXM, typically working at a few 100 nm spatial
resolution [12]. Very recently, angular resolved photoemission (ARPES (angle
resolved photoelectron spectroscopy)) has been measured in SPEM to study the
band structure of materials with submicron spatial resolution (E.E. Rotenberg,
private communication). There are beamlines and endstations under development
at Eletira, ALS, and Soleil, which will provide sub-100 nm ARPES capability. The
new Antares nanoARPES beamline at Soleil has already measured band structures
on areas smaller than 100 nm [67).

X-ray fluorescence (XRF) detection in STXM offers a means to greatly improve
the detection limils for trace elements in STXM. While XRF has been a major tool
in the tender X-ray (2-10keV) [69] and hard X-ray (10-100 keV) [1] spectral regions,
itis only recently that XRF detection has been implemented in soft X-ray STXM.
Recently, Kaulich et al. [63, 64, 70] pioneered this in the novel Twinmic combined
TXM/STXM instrument at Elettra [38]. Figure 22.7 shows a schematic of the

CZP Transmission || |
3‘ OSA detector system ||

Virtual
X-ray source

Emission Specimen
(@) detectors (rastered)

(b}

Figure 22.7 (a) Overall schematic of the
Twinmic combined TXM/STXM microscope
[72] at Elettra. The presample X-ray optics in

the layout shown are those for full-held TXM.

For STXM, the postspecimen imaging ZP
(not shown) is removed and the condenser
ZP (CZP) is replaced with a focusing ZP.
Special features of Twinmic include a high
sensitivity camera as the STXM detector,
which allows phase and dark field imaging
as well as conventional bright field imaging

[56), and an array of silicon drift detectors
(SDD) [64] which are used for detecting low
levels of elements via low-energy X-ray fluo-
rescence. (b) Schematic and (c) photograph
of the six-SDD array currently installed in
Twnimic. Each is attached to a water-cooled
Cu support and has an advanced pulse pro-
cessing amplifier directly behind the pnSen-
sor SDD. (Burkhard Kaulich, private commu-
nication, used with permission,)
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Twinmic set-up, along with a view of the individual silicon drift detectors (5DDs).
Currently at Twinmic there is an armay of six such detectors which, combined,
pravide a solid angle of detection of 0.2 «r [64 | Recently, SDDs have been added to
thee STXMs at the ALS and the Canadian Light Source (CLS). In each case, although
the implementation uses only a single SDD, a very effoctive XRF deteetion System
has been achieved because the detector is only a few millimeters away from the
sample as opposed to the 28mm distance in Twinmic. It is envisaged that there
will be significant applications of XRF-STXM in the ares of environmental science,
where it can be important to detect trace metals for toxicology or other issues, As
an example, the ALS system has been used to measure the oxidation state and map
the distribution of arsenic in biolilms of Fe metabolizing bacteria {Acidovorax s
strain BoFeN1), which produce copious amounts of various Fe minerals, These
species are known to be tolerant to very high levels of toxic As, an impaortant
covironmental proldem in Bangladesh and certain parts of the United States, and
Acidovorax has been identified in As-contaminated soils. It is nol clear whether the
accommodation to high As levels is because the As adsorbs 1o the extracellular Fe
minerals or whether the bacteria are actively invelved in accommodating to the As
iy some type of detoxification or omineralization process, XRF-5TXM studies |65,
71] have been able to contribute to this feld by mapping the As in these biolilms,
which were grown anacrobically for one week with 1mM AsY in the cullure
medivrm. The results from (his study (Figure 22.8) very nicely demenstrates that
ARF. and especially absorption speciroscopy using %R F-yield, greatly extends the
detection limits of STXM. Fipure 22,83 compares the X-ray absorplion spectrum
[XAS] (Blue) recorded from transmitted Kerays at the position indicated by the
circle on the As map in Figure 22.8¢ to that measured from the photan energy
dependence of the yield of XRF between 1300 and 1400 0V where the Mg Ke and As
Liv Xeray emission lines are located (see Figure 22.80) An advantage of XRF-5TXM
i that the energy dispersive detector provides maps of other elements, as well as
the total absarption, which can provide useful complementary information to the
element-specific maps derived from the XRF-yield NEXAFS signal. In this case,
the combination of the XRF and XRF-NEXAFS provided maps of the Mg, Fe, and
As elemental distributions [65, 71], while the O 15 and absor ption signal below the
0 1s edge pave maps of the biological material,

A novel development with the potential to dramatically improve the spatial
resolution beyand the limitations of current and conceivalile future ZMechnologies
5 to combine a locused X-ray probe with a scanmning probe implemented as a spatial
constraining detector. Epuchi et al, [66] were the first 1o explore this concept but
were only partly successful since they had only limited focusing in the Photon
Factory end station that was modified 10 demonstrate XAS detection via 41 5T™
tip. Recently, the Swiss Lipht Source has constructed and is in the process of
commissioning the NanoXAS beamline and microscope, 2 novel combination
ol a4 bend-magnet sofl Xeray STEM and an SPM [73, 74]. Figure 22,9 shows a
schematic of the overall NanoXAS concept a8 well as a cartoon of photoclectron
trajectories under the influence of the applied feld from the coaxial SPM tip,
which is located at the focus of the 2P, Figure 22.9¢ shows a STXM image of a
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improve sensitivity in studies ol minor.

ity species such as As in association with
Acrdowvoraty ap, strain BoFeM1 |65, 1) (a}
X-ray absorplion spectrum (blue) recorded
wilh the X-ray beam at the position indi-
caled by the circle on the As map in (c),
compared to the MEXAFS spectrum of the

(XRF-yield) between 1300 and 1350eV, (b)

¥oray flusrescence spectrum fram the same
spot, recorded at two incident photon ener
gies (1315 and 1340V, (¢} Maps of total

absorption and the Mg, Fe, and Az elemen-
tal distributions derived from XRF. The gray
scale indicates counts per pizel for 2 1D ms

same spot measured from the photon energy integration time |65, 71)

polystyrenefpolymethyl-methacrylate (PS/PMMA) blend recorded at 285 eV, where
the s sclectively absorbs, while Figure 22.9d presents wopography and phase

images recorded in the same region with the in st SPM [68]. The ultimate goal of

this instrument is enhancement of spatial resolution by using lime modulation of

the incident photon intensity and detecting the scanning probe signal in phase at

the modulation frequency. At present. the 5PM channel provides surface-sensitive
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Figure 22.9 Crperating principles and im
ages recorded with NanoXAS, o novel sadi
Eeray STEM combined with an SPM at
the Swiss Light Source [73]. [a) Schematic
ol NanoXAS. (b) Schematic view of the
coaxial SPM 1ip located at the focus of
the zone plate indicating the trajecio

ries of the photoelectron under the influ
ence af the applied field, (e} STXM image
ol a polystyrene-polymethylmethacrylate
[P5/PMNEA) blend recorded at 285 oV, where
the PS5 selectively absorbs. [d) Topography
and phase imapes recorded in the same

region with the in sitd SPM. The ultimate
geal of this instrument is enhancement of
spatial resolution by using incidem pho

lon intensity modulation and scanning
probe pickup at the modulation lrequency
At prosent, the SPM channel prevides
surface-sensitive imaging and some chemical
semutivity in |.I1'|.|.l.z- mode, which s comple-
mentary fo the bulk perspective of STXM
{(a.b) Ref, |73] = used with permission: fc.d)
from Christeph Quitmann, privale eommuni-
cation, used with permission, )

imaging and some chemical sensitivity in phase mode, which is complemeniary
tor thie bulk perspective of STXM. Simulations suppest that a resolution

well below
snm will be achievable [73]. However, at present, there are

significant ehallenges
in optimization of the device so as to enharce the modulated signal and suppress
backpround from the parts of the focised X-ray beamn that are outside of the pi kup
region al the SPM lip.

1225
Sample Preparation Issues

For transmission technigques [TXM, STXM], the sarmple st he partially transpar-

entat the Xeray energies of interest, The optimal thickness is such that the aptical
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density (OD) at the most intensely absorbing energy is between 1 and 2 OD units.
It is besl to adapt sample preparation to achieve this if at all possible, rather than
struggle with the challenges of absarption saturation in the case of samples that are
towr thick or that have insufficient contrast in the case of samples that are oo thin,
Signals below 0.1 OD (down to perhaps 0.01 OD) can be studied if data of sulficien
statistical quality is measured. As most samples have an upper dose beyond which
the material is too modified for the results o be

alytically useful, it is not always
possible to use longer timesfhigher doses or defocusing 1o build statistics in the
case of weakly absorbing samples, The performance for strongly absarbing (nearly

opaque) samples In most solt X-ray microscopes is such that there is significam

speetral distortion for absorbance levels above 2-3 OD. The upper absorption limit
before spectral distortion eccurs varies a let among dilferent instruments since il
depends on higher order and stray light comtent of the incident light as well as
detector efficiency and backgrounds, The impact of these Factors in turn depends
on the details of the NEXAFS spectrum, with spectra having very sharp peaks such
as the Ca 2p edge [75] being much more sensitive to absorption saturation artifacts
thamn edpes with less sharp features,

Samples for transmission soflt X-ray microscopies can be prepared using all of
the technigues that are used in transmission electron microscopy (TEM), including
ultramicrotomy, cryo-ultramicrotomy, spin-coating, solvent casting, ion beam
thinning, and focused ion beam (FIB) milling [76]. Although expensive relative
o other methods, FIB is becoming increasingly commeon, as it allows precise
extraction of a sample region of a particular morphology or at a specific spatial
location. Modern FIB systems are able to handle materials with dramatically
differing densities and toughness, including biclogical specimens and hard—sofl
composites that are very difficult to microtome without specimen artifacts. In
addition, problems with ion implantation that plagued early FIB samples have been
resolved with the addition of low-energy ion polishing technigues as the final stage
ol the FIB procedure, [t is possible o measure single cell prokaryotic biological
systems with TXM or STXM without sectioning, which is a considerable advantage
over eleciron microscopic methods, in which biological sample preparation can be
chemically complex and may introduce antifacts, Plunge-frecze vitrification is used
te preserve micrastructure without ice crystal formation during TXM tomography
Measurements.

For surface-sensitive technigues (SPEM, X-PEEM), UHY compatibility, surface
fatness, and conductivity are required. The X-PEEM technigue has the most
stringent requircments, as there is a very strong electric field at the surface
(10-20 kY /mm), which makes X-PEEM extremely sensitive to feld emission that
is readily induced {and occasionally fatal o the sample) if there are any particles
of abrupt changes in lopography. Metallographic polishing and metal coating
procedures can be used 1o prepare even very insulating samples such as rocks or
tecth for X-PEEM studies [77),
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22.2.6
Radiation Damage

Radiation damage is inevitable whenever ionizing radiation is used for micros: 0Py,
I rrdder to avoid artifacts in imaging and particularly when making more 1'x11:|l.‘i'i".;('
analytical measurements, it is essential to be aware of the doses at which the sample
experiences damage effects that will affect the results of the measurement, If the
main geal is 1o study morphology. it is possible to extend the dose that can be uged
without artifacts by freezing the sample. This does not change the rate of chemical
transtormation [78, 79), but it does stop mass loss. Whenever NEXAFS spectra
are being used analytically, it is impartant to determine the dose at which critical
spectral I's~.:|t|u-~.~. of the maost mdiation-sensitive component chanpe their inlensity
because of radiation-induced structirl changes. For some polymer materials, this
dose can be extremely low - lor example, PMMA. and similar csters have a critical
dose — the dose to decrease (increase) a spectral feature by 1e (1 4 1/¢) = of ~60
MGy [80]. This dose is delivered in less than 100 ms of STXM r:||1r.‘r..'4rh:'||l under
normal fuxes (10-100 MHz of phatons in a 30 nm spol size), which means that
damage-free measurements are very challenging. Typically, one must reduce the
Hux, dose density, or numbers of energy points .l;;uu|.'.nh-d 'ih: that the dose delivered
during a measurement of 2 given area is below 10% of the critical dose. In fact, with
ni_lﬂnir.;ll amplification, it is possible to image damage in PMMA for exposires
of less than 1 ms [81). Despite these challenges, it is still much easier to p:'r!nr|rl1
X-ray absorption spectroscopy of highly radiation-sensitive materials in soll X-ray
microscopes than using core level electron energy loss spectroscopy (EELS) in ;I
TEM [82]. Although it depends on the spectral energy range that is required for
!“_"JI!IJI!'.|1I| analysis, quantitative comparisons (80, 82, 83] supgpest an advantage
of a factor of 100-1000 for soft X-ray abzorption spectromicroscopy over electron
energy loss spectromicroscopy at one core level edge, as measurcd by the G-factor
{information fdose). .

23
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2.3
Chemical Mapping - Fitting to Known Reference Spectra

F'||%|||'|- 22,10 shows how quantitative chemical distributions can be derived fram
solt Xeray microscopy data, in this case a binary thin flm bend of PS and PMMA,
annealed on a Si0, substrate, and subsequently transferred 1o microscopy grids for
STEM characterization [84). Figure 22.10a shows a set of as-recorded transmissian
images in the C 1s region to illustrate the types of chianges in hmage contrast tha
occitr in multicomponent samples as photon energy changes through the near-edge
region. These changes reflect the spatial distribution and the mass=thickness
properties of the chemical components. By Rtting the spectral signal a1 cach pixel
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image sequence [stack) fram a PS-PMMA (d}. (From Ref. [16], used with permis.
thin film [16, 84]. The transmission images  sion from Polymer via RightsLink license
(a} are converted to optical density (b) and  2518500534762.)

8 mateiy transform that uses knowledpe

1o linear combination of suitable reference signals (in this case, the © 15 spectra
of 'S and PMMA), it is possible to invert the set of measured transmission images
o quantitative mass—thickness maps of the individual chemical components. 1
one can make reasonable assumptions about the density, then absolute thicknesses
can be derived, The transmission data must first be converied to absorbance
or O using the Lambert-Beer law, | = lyexp{—=0D). The set of OD images
(Figure 22106} are then wwverted to component maps. There are usually many
more spectral points than chemical components (e.g., in this problem, there are
anly two chemical components but images were recorded at many more than two
photon energies). In order 1o solve the inversion prablem, one must have at least
the same number of cnergy points in an image sequence as there are chemical
components. More typically, there are many more - a reasonably good sampling
of the NEXAFS spectral details can be achieved with 30-100 photon energies if
non-uniform energy spacing is used, Quantitative component maps can be derived
either by using conventional least squares procedures to fit a lincar combination
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of suitable reference spectra (Figure 42,10} to the spectrum at cach pixel or by
singular value decomposition (SVD) [85], which is an optimized matrix method

to invert an overdetermined set of equations, as in this case. There is in general |
na exact solution to the inversion from measured data to component maps in the
case of overdetermined systems, The aptimum solution is a “close" result that in
some sense satisties all equations simultaneously, This closeness can be defined
in a least squares sense and may be caleulated by minimizing the residual error
[86]. An illustration of the procedure and outcome is shown in Figure 22.10d. An
mterpretable model of the PS/PMMA thin film emerges from the SVD analysis,
In this case. the analysis shows that the large thick ps droplets are surronnded
by a sloping rim of PMMA in such a way that the toal flm thickness changes
smoothly in height. During annealing, 1S droplets form, which cannot sink into
the PMMA matrix as the film is oo thin, This thin flm constraint and the balancing

400 B0 1200 1600

ol mterfacial energies forces the contact line between the PS amnd PMMA to be (@) Energy (eV)

relatively high on the PS droplets, leading to a “rim" of PMMA that surrounds the

IS droplets. Additional subtleties of the morphology in these thin hlms could be O 140(10) .06 Mn 5(2) |

merpreted using the quantitative information gained from SV [54). L 0.4 a4 |
An extension of the SVD procedure is olien useful in cases where there miay 8 0.2 g oz [ 8w |

b some uncertainty about the absolute OD scales of the IMEAEe SeqUeEnce or one a1 - S—

or more of the reference spectra, This can come about if anly the shape and not o= '“'___‘_M_J ol e el L J

the absolute intensity of the incident flux {la) is used in cl;'rl'-'lrm OD scales. In Fer ) :::- o 530 rqﬂ“."l!-rf. 580 r,l-‘ul.l‘r 50

such cases. scale errors in [y are equivalent to constant offsels in OD, Thus “stack _

At™ s a routine available in analysis of X-ray images and spectra (aXis20000 that D Fe 5(2) | r:n 5(2) o0 5i 115(6) |

autamatically adds a constant term to the SV analysis te compensate [87), i a1
I|||1.'|n~;|nua:~'1t-u1r1|1.ir1.-tupirxﬂ'}i.‘d.HT.\'M]_r||L~d|1Iﬂ'IL-:J.\alp,rl.'lLu[lunurwrrsiun o 609 g 8 nos

te O, is quantitatively related to the amount, and thus the mtensity scales of the T f

resulting companent maps are in units of absolite thickniess in nm, if the reference ] o i S o -q'-.-t:'n‘a,x._‘Tﬁ-ou

spectra are prepared on a linear absorbance seale (2D per nm al material, under (b) Tos ul o v

ils standard density). In situations such ag X-PEEM or SPEM. where the mcasured

imtensities are only indivectly related to amounts, or if one does not convert
reference spectra to an absolute intensity scale, one can still apply these methods,
bt the component maps then give information only about spatial distributions
and relative amounts, In X-PEEM. il one can measure [80] ar estimate the sampling

depth for a given system and is comBortable asstming thiat the work function for

Figure 22,17 S5THM analysis of a river biofilm exposed 1o 10 mg| L MICly before measuremen
[83}. {a} Optical density spectrum of the filamentous sheath in a Ni exposed natutal rver biofilm
{dashed line in the inset image) in the © 15, O 15, Mn 2p, Fe 2p, Ni 2p, Al Vs, and Si 15
el

s campared with the sum of the mass absormtion cosffcients for a best:ht composition (b}

Linear background subtracted spectra of the flamenous sheath at the €, O, Mn. Fe. Ni, and 5i

edges, along with the elemental edpe jump signals (and unceriainties) used to deduce elemental

amounts (for further details see [88]). (¢} Componem map of distribution of Mi {grayseale in

nim), desived from two energy imaging at the Ni 2p edge. (d) Color-coded compasite of the Mn |
[red], Fe (green), and Ni (bue) distributions superimposed on the gray scale map of the biolagy

IZE8.2 eV — 1(282 V). (Figures 10 and 11 of Ref. |38, used with permission from Geobiolopy

via Rightsbink license 2518500066513,
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different regions ol a surface is similar, then quantitative thickness analyses can be
performed. An example of this is the quantitative determination of the distribution
of proteins adsorbed on a phase-segregated blend surface (see Section 22.4.2).
Figure 22.11 shows a second example of quantitative mapping, in this case a
complex environmental sample in which STXM was used (o follow mineral and
metal ion interactions, possibly mediated by bacterial biomineralization processes,
ina natural river biofilm. The biofilm sample, taken from the South Saskatchewan
river in Saskatoon, was inlentionally spiked with 10 mg 1" Nicl, during a 24 h
period before the analysis to explare how different species accommodale toxic Ni?!
ions [88]. NEXAFS image sequences were measured for nine different elements (C.
Ca, O, Mn, Fe, Ni, Na, Al, and 5i). The inset image in Figure 22.11a shows a STXM
image of a region of the biofilm where there is a va riety of bacteria, both individual
cells and groups of cells enclosed in a filamentous sheath. The metal jons were
found preferentially in association with the filamentous structures, although there
are also Fe-rich mineral grains in the field of view. The absorption spectrum al
cight edges of the filamentaus structure, taken from the identical area indicated in
yellow outline in the insel in Figure 22,114, is shown in Figure 22,114, along with
the elemental response expected for the average composition determined by SVD

fits of the spectrum at cach edge to appropriate reference spectra. Independent of

the assumptions about chemical specialion (which can be challenging in a complex
system like this), one can determine the elemental composition from the edge
jump, as indicated in Figure 22.11b, where the edge jump for the determined
camposition, along with an error range, is plotted along with the average edge
spectrum of the filaments. Figure 22.11¢ shows the quantitative Ni map, where the
maximum thickness is only 18 nm, and the average thickness, mapped as NiO, (in
anarea determined to be Ni-rich), is less than 3 nm. Figure 22.11d is a color-coded
composile of the Mn, Ni, and Fe signals. The Ni is found in association with Mn
and Fe and is believed to accumulate through abiotic processes on Fe—Mn minerals
created by biomineralization [$8].

It is noteworthy that approaches similar to those outlined above — forward fitting
by use of SVD or stack fit to derive relative or absolute Quantitative maps from
image sequences — can be used to analyze other types of image sequence signals,
where a parameter other than incident photon energy is scanned. Examples include
XRF maps (sce Section 22.2.4) and linear dichroism maps (see Section 22.4.1) — the
dependence of image contrast on the orientation of the E-vector of the sofl X-rays
relative to a sample at a given photon energy. Such sequences can be fit to the
known functional response of linear dichroism, 1(9) = ¢ + Acos® (0 — O.), where
I{t1) is the intensity at a given E-vector angle, Cis an angle-independent term, A is
the amplitude of the angle-dependent signal, which has its maximum signal when
= ther, where th,y is the angle where the transition intensity is maximum (for
Is excitation, this corresponds to having the E-vector aligned with the transition
moment vector, which, in simple systems, can be the direction ol orbitals of the
upper level to which the 1s electron is exciled). This methodology is included in
aXis2000 [87] and has been used to map distributions of fi-sheet crystallites in dry

22.3 Data Analysis Methods

and wet dragline spider silk [89, 90] and of sp” defects in carbon nanotubes [91-92,
93], in addition to the example given in Section 22.4.1,

22.3.2
Chemical Mapping — Unsupervised Statistical Analysis Methods

A concern with the types of forward fitting analyses described in the previous
section is that they require prior knowledge of the chemical components present
in the system under study. In many cases, this information is not available, or only
some ol the chemical species are known. Given the highly overdetermined nature
of soft X-ray microscopic image sequences, it is of interest Lo consider multivariate
statistical analysis (MSA) methods [94] that look for patterns in complex data of
this type. MSA-based methods can be used for many aspects of the analy

to
identify the number of statistically valid chemical species that might be present;
lo derive meaningful reference speetra; and 1o convert the image sequence to
quantitative chemical maps. The merit of this approach is that it provides a means
to perform a “standard-less" analysis that effectively uses the highly redundant
nature of the spectral domain information, Typically a STXM image sequence
consists of 10' — 10" spectra, for systems in which it is statistically meaningful
to identify only five to seven components. Chris Jacobsen has provided the X-ray
microscopy community with a useful tool for this type of analysis [95]. The
procedure (PCA_GUI |96, which is embedded in aXis2000 [87]) first performs a
principle component (PC) analysis, which identifies power-weighted eigenspectra
and associated eigenimages. The user then selects an appropriate number of PCs
to further process the data with a cluster analysis, which is a procedure to find a
means of combining the PCs in such a way that they group together into clusters in
“PCespace.” These cluster spectra are typically much closer to true NEXAFS spectra
of chemical components, although it is not always true that the cluster approach
gives valid spectra and thus chemical identification. An added advantage of this
approach is that a very significant noise reduction is achieved by restricting the
analysis to include anly the most significant PCs (typically 5-10, in a data set where
the x’mznhor of PCs (cigenspectra) is equal the number of pixels in cach image).
After rotating the PCs by identifying clustering in the PC-space, these reference
spectra can be used in a final target analysis step to derive the chemical maps,
which can be made quantitative or semiquantitative if the user supplies appropriate
information about chemical composition and density. A very useful feature of the
target analysis phase is that the spectra of chemical species known to be present
can be introduced at this point, which often greatly improves the overall analysis.
Figure 22.12 presents results from analysis of a C 1s image sequence of a micro-
lomed section of a core-shell microsphere composed of a divinyl benzene (DVB)
core covered with a shell composed of a 50 : 50 DVB - ethylene glycol dimethy-
lacrylate (EGDMA) mixture [97]. In this case, the PC analysis cle;trl){ indicates that
only three statistically significant components were present. The reference spectra
derived from the cluster analysis are displayed in Figure 22.12b, while three cuts
through the PC-space (C1vs €2, Clvs C3, and C2 vs C3) (Figure 22.12b) show that
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the cluster analysis {Euclidian metric) produced a very clean grouping of the data
o three spectra and that the resulting spectra are very plausible NEXAFS spectri.
The spectrum [or component 1 is identical to that of epoxy resin, and that for com-
ponent 2 is identical to that of DVB. Unfortunately, the spectrum (o component 3

15 identical to that of the shell, which is known from the material synthesis to be a
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composite of DVE and EGDMA, Thus, when these cluster spectra are used to fit the
data, the result is simply a separation into the 3 spatial components (Figure 22.12¢),
without a clear indication that the shell is a mixture of two chemieal species,

When the spectrum of EGDMA is introduced in the target analysis step instead of

companeni 3, the resulting maps (Figure 22.12d) are correct and provide the same
answer as that from SVD. Both lorward Rtting analysis and MSA are valuable tools
for the interpretation of solt X-ray spectromicroscopy data sots, It is usually wise
lo examine critical data sets with both approaches. A limitation of beth approaches
is that they always give an answer, It is essential that the analyst probes these
answers to verify that they indeed represent the actual chemistry of the sample.

Threshold masking techniques are provided in aXis2000, which allow extraction of

the spectra associated with specific pisel subsets, defined on the basis of intensitics
in component maps derived by either forward Rtting analysis or MSA. It is generally
a good idea to extract such spatially selected spectra and investigate the quality ol
the analysis in spectral space. Counterparts to both SVD and stack fit stack analysis
rautines for fitting individual spectra are provided in aXis2000 for this purpose,

1.4
Selected Applications

22.4.1
Polymer Micrestructure

Soli X-ray spectromicroscopy (s optirnally suited to study multicomponent polymer
systems since (i) NEXAFS at the C 15 and other edges is well suited to differentiate
even very chemically similar polymers |13, 98], (i) many phase-segrepated blends of
technical and commercial importance have domain sizes easily resolved by current
instruments, and (iii) electron beam analysis methods such as EELS in TEM have
lower energy resolution and thus are less able to differentiate species) and are
significantly limited by the higher rate of radiation damage per unit analytical
information [83]. Pelymer microstructure analysis by soft Xeray microscopy is an
application where there is significant industrial involverment, such as work on basic
understanding of nanostructure of polyurethane foams [99, 100], superabzorbent
gels [101], polymer reinforcements [102], and modification of polymer properties
[103-105). While the published work in this arca tends to be fundamental, there
are many cases where unpublished soft X-ray microscopic studies have played an
important role in troubleshooting processing problems or assisting development
of new or improved palymer processing,

A topical example of polymer analysis by STXM is in the area of organic solar
cells. In contrast to semiconductor-based solar cells, the goal for organic solar cells
is modest photoyields but ultealow cost fabrication [106). Working devices must
achieve a bicontinuous phase separation of donor and acceptor polymers with a
mean size of the order of the exciton length (<10 nm) such that there is efficient
separation and independent transport of the electron and hole generated by the

m
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Figure 2213 Example of linear

indicate the estimated, fully extended length
dichraism mapping using 5TXM

of the polymers backbone [109]. [b) Map-
[109]. {a} In-plane molecular arienta- ping the weight percentage compaosition

tion map of an annealed thin Alm of of palyj2-mothoxy-5- (3, 7 -dimethylactylory).
poly(9.9 f-dioctylfluorene-co-benzathindinzole) 1. 4-phenylene vinglene| (MOMO-PPY) and
(FEBT) derived from the linear dichroism {6.6)-phenyl-Cgp-butyric acid (PCBM) ina 1 -
at the Clu == a* transition (285 eV) mea- 4 {wiw) blend (MDMO-PPVPCEM) thin Flm,
sured by sample rotation with a fiked hor- derived from images recorded at four ener-
izontal E-vectar, The 2° resonance is per- gies (280, 284.4, 2874, and 1206V (V03]
pendicular 10 the polymer backbone, whose  (From B. Wants, private communication, per-
orientation in each domain is indicated mission granted.)

via the black lines, the length of which

incident light. STXM is being applied 1o assist materials optimization in this area
[ V07, 108], Figure 2213 presents two aspects of this work, The first demonstrates
the ability of the linear dichroic signal in STXM microscopy to determine molecular
orientation and domain structure in these types of matenals. The second demon-
strates imaging phase separation ina viable organic solar cell material. By recording
images at a resonant photon energy with multiple sample orientations, the linear
dichmoism of an anncaled thin flm of poly(9,%-dioctylfluorenc-co-benzothiadiazole)
(FEET) can be fit to a maodel 1o reveal the deminant molecular erientation within
each pixel [109). Figure 22.13a shows the in-plane orientation derived from the
intensity of the Cls-=7"" (285 eV) - the color wheel in the inset indicates the
correlation of color and orientation, The 7* resonance is perpendicular to the
polymer backbone and thus the orientation of the polymer backbone can be de-
termined. It is indicated via everplotted black lines, the lengths of which indicate

22.4 Selected Applicatsons

the estimated fully extended length of the polymer backbone. Figure 22.13b
shows maps of paly|2-methoxy-5-(3" T-dimethyloctyloxy)- 1, 4-phenylens vinylene|
(MDMO-PPY) and (6.6)-phenyl-Cy-butyric acid (PCBM) in a 1 @ 4 (w/w) blend
(MDOMO-PPV:PCEM) thin flm, These maps were derived from imapes recorded
at only four energies (280, 284.4, 287 4, and 320eV), selected for their ability to
differentiate these two specics |108], Such maps provide very uselul feedback on the
extent to which the desired interpenetrating continuous phase is actually achieved.
The spatial resolution of the present STXM microscopes (20-30nm) is still a litle
too coarse for this application, which really needs imaging of acceptor and denor
domains. which are required to be within ~10nm of each other, Improvements
to £Ps |25] and development of other saft X-ray imaging methoeds such as ply-
chography [110] as well as complementary chemically sensitive resonant scattering
techniques [111, 112] are impaortant to further progress in this area.

12.4.2
Surfaces and Interfaces

Magnetic materials are a critically important aspect of modern information storage
and processing technologies. Soft X-ray microscopic and spectroscopic methods 1o
study magnetism and magnetic dynamics are described in detail in the monograph
by Stéhr and Siegmann |18]. The current generation of high-capacity hard disk stor.
age systems relies heavily on research results obtained with synchrotran soft X-ray
microscopies, spectroscopies, and dynamics measurements, Read-write heads ex.
ploiting giant magnetoresistance, out-of-plane recording media, and nanopatterned
storage media all have benefited from soft X-ray microscopic and spectromicro.
seopic studies. As the performance continues to improve exponentially, increasingly
small volumes of magnetic materials, with carefully controlled nanoscale materials
chemistry are key, Nanoscale methods for their charcterization are essential, Here,
| pive two examples, one based on polarization-dependent X-PEEM studies and the
other using X-PEEM to investigate protein biomaterial interactions,

Interactions of ferromagnetic and antiferromagnetic domains are critical in
the “pinning” of specific regions in complex magnetic sensors such as piant
magnetoresistance heads, but the magnetic exchange interaction is quite complex
and can he mediated or complicated by erystallographic effects, Figure 22,14 shows
magnetically and structurally sensitive PEEM images recorded at specific Ni 2p
and © 15 resonant peaks of the near-surface region of a polyerystalline sample of
a NiO(H) surface [113]. Comparison of the contrast in identical regions reveals a
complex interplay of erystal structure — orientation of the graing as deduced from
the © 1s XLD - and antiferromagnetic magnetic order - as deduced from the Ni 2p
linear X-ray linear magnetic dichroic (XLMD) signal, When a thin ferromagnetic
Co layer is deposited on this surface, there is a perpendicular coupling between
the Ni and Co moments. The chemical interactions at the Co-NiO interface drives
a erystallographic rransformation leading to reorientation of the Ni moments from
the <112 to the <1105 direction [113]. Detatled nanoscale dichroic studies show
that the reorientation is driven by changes in magnetocrystalline anisotropy rather
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Figure 22,14 X.PEEM imapes (ALS PEEM-3} O s signal. the region outlined the doted
of the near-surface region of a NijBOT) single lines appears crystallographically 1o be a sin-
crystal eecorded at (a) the Ni Ipy; resonant  gle domain, whereas the i 2p XMLD shows
peak showing X.ray linear magnetic dichroic  there 15 a compley magnebic domain struc.
contrast (XLMD) and {b) at the © Vs reso.  ture within this and other individual crystal
nant peak showing Xeray linear dichroic con-  domains [113]. {From Hendrik Ohidag, pri-
trast (XLD). Field of view is 8 pm. From the

vale communication, permission granted.)
than exchange coupling. An additional example of magnetically sensitive soft X-ray
microscapy in given in Section 4.4.4, where time-resolved XMCD-STXM is used to
exemplily in situ conditioning of samples.

The second example of surface and interface applications of sof| K-ray microscopy
i i the area of soft materials, which are traditionally very difficult to stady with
electran-beam-bised techniques. Figure 22,15 shows results from a combined Cls
and N Is X-PEEM study of the adsorption o human serum albumin (H5A) on toa
phasesepregated bend of PS and polylactic acid (PLA) [114], This is part of a recently
reviewed [17] set of X-PEEM studies of protein interactions with phase-segregated
polymer blend surfaces, which are candidate biomaterials for use in medical
application. The ~50 nm thick, 40 - 60 PS:PLA blend film is spun coated on 2 5
waler (0.7 wi2s in toluene), annealed 6l at 45 °C and exposed to a (L005 mgm| ™'
aqueotis solution of HSA for 20 min, The colorized individual component maps
are displayed across the top (Figure 22.15a-c}, while Figure 22,15d is a rescaled
color-coded composite of the derived component maps for HSA (blue) = from N 1s
edpe, PS5 (red), and PLA (preen). This example nicely llustrates the advantage of
tsing spectroscopic information from multiple core levels to improve sensitivity to
specific components,

2243
3D Imaging (Temography) and 3D Chemical Mapping (Spectrotomography)

For the thin samples typical of soft Xeray transmission microscopy (TXM or
STXM). 2D projection imaging is often sulficient, However, for thicker, low-density
samples, such as biological or civironmental samples, one needs information
about the z-position of the absorbance in order o properly interpret the image and
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(d)

Figure 232,15  Analysis of protein (human
serum alburmin HSA) interactions with a

pelystyrene palylactic acid [PS-PLA} poly-

mar blond surface by € 15 and N 15 im- annealed Gh 3t 45°C and exposed to a

age sequences recorded in X.PEEM (ALS 0,005 mgmi~" aguesus solution of HSA for

PEEM-Z) [114]. The main image is a rescaled 20min. (From Ref, [V14], permission gran.u:d
cobor-coded composite of the derived compe- Trom ACS Bismacromalecules via RightsLink
nent maps for H5A (blue) - fram N 15 edge, license 2518430179156,)

P5 {red), and PLA (green), The ~50n0m
thick, 40 : 60 PS:PLA bend film is spun
coated on a 5 wafer (0.7 wi% in toluene),

spectromicroscopic information, A simple way to achieve this is to record stereo
pairs with the sample tilted between the two images by 10-307 [115]. However,
lor more complex cases, as in congested cells with many morphological elements
distributed in 3D over a thickness of 1-3 pm, the better approach is 1o do a
complete 30 visualization by serial section imaging [116] or angle scan tomopraphy
[117], Full-field TXM is the most developed type of soft X-ray tomography. Samples
can be loaded fully wet inte pulled glass capillaries or mounted on whole or
sections of TEM prids. The capillary approach is preferred not only because it
allows Full 180" rotation and thus avoids the “missing wedge” artifacts that exist
with reduced angular range tomograms but also because it is a good way to retain
fully wet samples in the case of room temperature studies and it is compatible with
plunge-freeze vitrification techniques for eryotomography. The latter has become
the accepted approach for both electron and X-ray tomography of biological samples
since the plunge lreezing prevents generation of large ice crystals that destroy the
microstructure and the frozen samples do not suffer mass loss while recording the
tomograms {although it is important to note that chemical damage from absorption
of Xerays occurs at the same rale as at room temperature [79]).
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Figure 2216 Three-dimensional images of Organelles are identibed based on mass

5 cerevine yeast cells at different phases of absorption at ~520eV, and are color coded:
the cell cycle [118], measured with the Ma-  nucheus, blue: nuclealus, orange; vacuoles,
tienal Center for X-ray Tamography (NCXT)  ivory; mitechondria, gray: lipid bodies, green.
full-field crye Xray tomography instrurment Seale bar is 1 pm. (From Ref. [118), used

it the ALS. The top row shows diploid cells, with permission fram Yeast via RightsLink
whereas the battomn row shows haploid cells. license IR

At present. the most advanced facility for high-threughput soft NKeray tomograply
ol biological samples is the NCXT at the ALS, Figure 22.16 shows results from a re-
cent NCXT study [118] of the internal structure of Saccha romyces cerevisiae yeast cells
atdifferent phases of the cell eycle, derived from tomograms on cight different cells,
measured ata single photon energy (~5206V, in the water window). The top row
shows diploid cells, and the bottam row shows haploid cells, The color coding of the
internal structure is based on segmentation - dilferentiation on the basis of Mmiass
absorplion at ~520eV. The organelles are color coded: nucleus, blue: nucleolus,
orange; vacuoles, ivory: mitochondria, gray: lipid bodies, green. As larger amounts
of data are accumnulated, it is very likely that this segmentation approach will
produce very valuable insights inte the internal structure of micron-scale biological
organisms, Excellent work on studies of the 3D structure of biological specimens
i also being carried out at the BESSY2 TXM facility, for example, the first study of
mammalian tissue [119] and a recent study of the structure of Vaccinia virus [120].

IT the full-field tomograms could be measured at a number of different photon
energies, a more explicit connection between X-ray microscopic signal and chemical
identification could be achieved, To date, the only full-field TXM system able to
perform high-quality spectroscapy and spectrolomography is that at BESSY2 |34,
37|, Another appraach to obtain 3D imaging is to carry out tomography in STXM.
Although much slower than full-field TXM tomography, the superior spectroscapic
capabilities of STXM provide an added dimension worth exploiting. Pioneering
STXM tomographic experiments were done at NSLS [121], and the Stony Brook
wroup developed and operated a UHY eryo-STXM for temmography at X-1A beamline
at NSLS [122). However, those carlier STXM tomographic studies used only a single
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photon energy. so they did not take advantage of the spectroscopic power of STXM.
Recently, room temperature spectrotomography based on imaging over multiple
photon energies and a range of sample orientations has been implemented
i STXM. Measurements have been reported on wet samples in pulled glass
capillaries [123] as well as dry samples on grid sections [124-126}. Although the
glass capillary approach has the advantage of being able to measure the full 180

angular range. and thus does not suffer from “missing wedge” artifacts, to date it
has not been able to prepare walls sufficiently thin o work at X-ray energies below
H0eV. In contrast, while the grid method typically can only be applied over £70°,
it has been possible to measure twmograms at energies as low as the § 2p region
{150-180¢V) [126].

To illustrate the ability of STXM spectromicroscopy to provide quantitative 30
chemical mapping, Figure 22.17 shows results from a STXM spectretomographic
study of polyacrylate-filled PS latex microspheres in water in a pulled glass ca pillary
[123]. Figure 22,173 is a single projection image at 530.0 eV, below the onset of
the O 1s absorption. While this projection image shows the shell structure of the
microspheres. the boundaries of the microspheres and the capillary are blurry
because of curvature, After reconstruction of the tomogram from a set of 60
images {0-180") at two photon encrgies (530.0, 532.0eV), a much clearer view
of the structure is olwained (Figure 22.17b). The difference in the QD at these
two energies was used to quantify the amount of polyacrylate in cach voxel, while
the signal at 5300V can be segmented to separately identify the glass wall. the
water, and the PS shell. Figure 22.17¢ is a colorized rendering of the tomographic
reconstruction in which the PS (red) and water (bluc) are differentiated by 0D
ab 330V the glass wall has been removed, and the acrylate (green) is identified
spectroscopically by the difference in OD at 532 and 530 eV, Figure 22.17d shows
A quantitative projection of the tomogram of only the acrylate component in which
the blue color scale correspands to 2—8 nm of acrylate through the projecied path
while the green color scale corresponds to 8-15 nm in the projection. This type of
information, in particular the ability to generate statistics on fill levels, rupture, and
internal distributions over a number of different latex microspheres, is valuable
feed back to the industrial partner in this study,

244
In situ Techniques

In recent years. a major thrust in the development of soft Xeray microscopics
has been in situ studies, in which the properties of a sample are manipulated in
some way while it 15 still in the microscope, When seeking information about
structure—function relationships, in situ studies are highly desirable, as they can
provide a very direct link between the nanostructure and how it can affecta particular
process or how the nanostructure can be modified by a particular external stimulus,
While there are examples in the literature of in site experiments with all four types
ol solt X-ray microscopy this review has discussed, the TXM and STXM techniques
are those with the most extensively developed in situ technologies because of the
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ic) fd)

Figure 2217 sTxM tomography of
polyacrylate-fitled pofystyrene microspheres

N water in a pulled glass capillary [123), (a)
Projection image at 530,00V b A S0am
thick slice through the centor af the tormo
@raphic reconstruction af G0 projections
(D-180 737y (€] Colorized rendering of the
recanstruction in which the PS (red) and wa
ter {blue) are differentiated by optical density

at 530eV, while the acrylate green) is identi-
fed spectroscopically by the difference in OD
at 532 and 530y, (e} Quantitative magp of
the acrylate component. The blue color scale
camesponds to 2-Bnm of acrylate, and the
green coler scale corresponds to B-15 nm in
the projection, {From Ref, 23], wied with
permission fram |LUCr)
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relative ease with which the local sample environment can be adapted, The UMV
requirements lor SPEM and X-PEEM limit the flexibility to carry out experiments
controlling the local chemical environment, and the strong fields at the sample in
X-PEEM rmake it difficult to modify samples with applied electric or magnetic fields,
Incontrast, the photen-in/photan-out character of (SITXM microscopes allow them
to be readily adapted to make in sitw modifications of the sample through controlled
chemical, meehanical, thermal, or external fields. In situ experiments have been
performed using electrochemistey [127], flow wet cells for chemical reaetion [128],
pulsed or AC current used for modifying magnetic properties [129), current Mow
in active semiconductor circuits [130], flow pas cells [131), variable humidity cells
190,132, and variable temperatures [133)

Both TEM and STXM have been developed for magnetic dynamics cxperi-
ments. While subnanosecond TXM expeniments require few bunch operations 1o
achieve subnanosecond time resolution, STXM let hniques now exist (o measure
timedependent magnetic properties of samples with 150 s time resolution while
the synchrotron is operating with full current in the multibunch mode. One very
clegant recent cxample of this iz the STXM study by Weigand ef al, [129]. which
mapped the dynamics of switching of the out-of-plane magnetization (vortex core)
caused by an applied AC current pulse (Figure 22.18). This experiment imaged
and tracked with 250 ps time sampling and 10 nm positional precision the lateral
position and palarity of the vortex core in a 500 nm permalloy pad after it was
excited by different magnitudes of a GHz excitation pulse, The vorlex core reversal
was found to take place through coherent excitation by the leading and trailing
edges of the pulse, which significantly lowered the field amplitude required for
switching. The mechanism can be understood in terms of gyration around the
voriex equilibrium positions, which are displaced by the applied ficld. The swdy
showed that a much lower power is required to switch the polarity of the voriex

79

Hrates (6 i

0 200 A 600 D00 1000 1200 1400 1600 1000 SO S

Tirma aler ewcibada Groal {[a 1]

Figure 2218  Use of time-resalved STEM
to study the dynamics and mechanism

of vortex core switching [129), Each
cotorcoded image shows successive 250
ps time steps of the out-of-plane magnoti.
zation of the center section of 2 500 am?
permalloy element excited by in-plane mag:
netic pulses with a lenpth of 700 ps. At
3.5mT (below the switching threshold),

the vartex care is displaced by the pulse

and excited inte gyratropic gyration. At
12.6mT (above the threshold), the dy-

namics of the two vorlex core polariza

tian states are superimposed, indicating
vortex core svatching. (From Ref, [125]
http:{fpr. aps.org fabstract {PRL A 1021 70077201,
copyright 2009 by the American Physical
Society, used with permission. )
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motion with an appropristely shaped pulsed field than with o D field, thereby
opening the pn.x'mlleil'.- for |1|':|<'I|-;'.|| magnetic slorage or prod l-_-;::cin_g devices based
o vortex polarity,

A second example of state-ol-the-art in sity investigations is the work of the
Groot group, who have adapted STXM to study

de
bystz under realistic conditions of
lemperature and pressure 131, 134), Figure 22,19 shows schem:

atics of the catalvst
cell that was built for both TEM and STXM use [135]. By wsing microfabrication
lechnigues, leating is extremely localized and the whole structure is very compact
andl 4--|r||‘::|[i|~|-' with the :-'|'|.’|I:.|| conglriames ol |-.|.||| S5THM and TEM. While maost
of the SiyNa support is thick, to be compatible with high pressure differentials
(up e 2 bar), there are a series of 10 pm diameter holes betweer the heater
traces where the SNy has been further etiched so as to e transparent to solt
x riys There is provision for gas fow into the gap between the heater element
and a cover window. Figure 22,190 presents localized Fe 2p NEXAFS spectra
il color-coded component maps from a study of the evolution of an individual
Fe-based Fischer-Tropsch synthesis catalyst parti

be during its activation pliase
{heating in atmospheric pressure of Hy from ambicnt to 500 C) 1131). Image
sequences were recarded at the Fe 2p and O 13 edge as a function of lemperature,
Below 300°C, the ¢ hanges in the Fe catalyst were heter
on its interaction with the 5i0, support. Whe

eneous and |_|g']1:'r1q||'|:|

n the sample was heated further,
the Fe environment became more homogeneous. By 450°C, the ¢ alalyst consisied
of Fe":Fe'* rmixed Fe'* /et species ina ratio of about 1: 1 1 1. Apparently, the
enhanced mobility of Si species combined with the subilization of Fett leads to
an almost homogeneous Fe distribution after reduction at this temperature. Fe'
in close contact with Si0; is stabilized from Further reduction to Fe®
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Future Outlook and Summary

Solt Xeray microscopy has reached an intermediate phase of development where
Uhe major techniques = TXM, STEXM, SPEM. and X-PEEM are all

with relighle and user-accessible instromentation {see Table 22.1), which allows

evert inexperienced users o access its capabilities, The techmigques have been

wvell established

applicd to many differemt areas of science, medicine, and crngineering, with a

thcant component of the work relying on materials characterization at the
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sub-50 nm spatial scale. There is ongoing development of both the microscopes
and the ancillary instrumentation and methodology that is needed to apply them to
specific problems. In the area of instrumentation, there will be significant break-
throughs in X-PEEM in the next few years, with compensation of both spherical and
chromatic aberrations achieving sub-10 nm spatial resolution. The TXM and STXM
performance continuously improves with advances in ZP fabrication technology.
Atthe Tenth International Conference of X-ray Microscopy (Chicago, August 2010),
there were a number of presentations in which both KB mirror focusing and Zp
optics achieved sub-10nm performance with high-contrast test samples. Translat-
ing that capability to routine operation with lower contrast, real-world samples are
needed. Challenging applications such as measurement of the magnelic properties
of nanoscale materials - for example, measuring the XMCD signals of individual
30nm magnetile magnetosomes in magnetolactic bacteria. which has recently
been achieved for the first time, using STXM [136] — are useful to bridge from
artificial test structures to real-world problems.

Alarge part of the scientific impact of nanoscopy with soft X-ray microscopies will
be the result of innovation in the area of in situ control of the sample environment.
There are many groups actively working in this area, so new and more powerful
applications are to be expected, Finally, there is the issue of access. The community
of soft Xeray microscopy users is fully saturating the existing synchrotron-based
microscopes, These instruments are typically the ones most in demand at every
synchrotron, as determined by the compelitive peer review process thal governs
access, There is clearly a need for building and operaling additional beamlines
and more soft X-ray microscopes. The most successful of the current instruments
are those which are on dedicated beamlines whose optical properties have been
optimized for the type of microscopy involved. This trend continues. Given the
relatively large number of recently completed third-generation synchrotrons (CLS,
Soleil, Diamond, Australian Synchrotron. Alba, Shanghai, and PETRA) as well as
those [unded and under construction (NSLS 1, Taiwan, Saga-1S, SuperSOR, PLS
upgrade). most of which do or will have sofl Xeray microscopic instrumentation,
I am optimistic that access to soft X-ray microscopies will be significantly easier
in the near future. Finally, with the recent successes of the fourth-generation light
sources al Flash and LCLS, there will be a new frontier of soft X-ray imaging at the
femtosecond time scale, most likely dominated by single-shot coherent diffraction
techniques. X-ray microscopy is already a significant contributor to the field of
nanoscopy and will become increasingly important in the future,
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