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Design ard performane of a scannig transmissia x-ray microscog (STXM) at the Advanced
Light Soure is describedThis instrumet makes use of a high brightnes undulate beamlire and
extend the STXM techniqgwe to new area of researchAfter 2.5 years of developmenit is now an
operationatod for researh in polyme science environmenthchemistry and magnett materials.
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I. INTRODUCTION

Scannimg transmissia x-ray microscopy (STXM) gener-
ates microscopt images of a thin sectilm of specima& by
raster-scannipin a focusel x-ray beam The flux of trans-
mitted X rays is measurd to obtain the image intensity This
techniqe has been developed? ard applied to the life
sciences. X-ray spos close to the diffraction limit have been
reported?* X-ray absorptim specta can be obtainel from
microscopi features on the sectiond sample> This tech-
nique falls into the categoy of ‘spectromicroscopy and
finds application to problens in materias science whete x-
ray absorptimm specta can be characteristi of the chemical
stat of atomc specis and the structue of crystalline
materials®

The beg spatia resolution in focusel x-ray microscopy
is presenty achievel when Fresné zore plates are usel as
the focusirg elements. Cohereny illuminated zore plate
microscops typically operaé nea their diffraction limit.
The pha® spae acceptane for photors is then smal (of the
orde \?). The intensiy of the signd is proportion4 to the
brightnes of the illumination, so tha an undulatos beamline
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a a third generatio synchrotram radiation soure is an at-
tractive place to devel® the instruments.

We hawe implemente a pair of scannig zore plate mi-
croscops at the Advancel Light Source on undulates beam-
line 7.0. This article repors the initial performane of the
first of thes two.

Figure 1 shows the tanden layou of the two micro-
scopes The upstrean microscop is an ultrahigh vacuum
(UHV) scannig photoelectra zore plate microscope
(SPEM which is being commissionedThe STXM isthe last
item in the beamline It has been in operatio for abou 1
year, during which time we hawe been developimy the soft-
ware control and learnirg how to use it in the beamline,
which al® serves spectroscop experimerg on another
branch.

There are three capabilities we wart to exploi in this
STXM; area wher this x-ray techniqe has unique
strengths.

A. Radiatio n damage to the sampl e can be minimal

Near-edg x-ray absorptim fine-structue spectroscopy
(NEXAFS) ard electrm enery loss spectroscop (EELS

© 1998 American Institute of Physics
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FIG. 1. Tanden scanniig zore plate microscopse at beamlire 7.0. The beam
passe throuch the pinhole (optiona) and illuminates the scanniry photo-
electron microscop (SPEM which operats in UHV, or passs on through
a silicon nitride window, into the helium environmei of the scanniry trans-
missia x-ray microsco (STXM) at the erd of the beamline.

are two technique to obtain the cross sectian for exciting
electrors in an atom from acore levd to states nea thresh-
old.

EELS can be combinal with transmissia electron mi-
croscopy at fine spatid resolution It usualy has modest
spectra resolution ard is always rathe damagig to the
sampk material Many of the electrors scatte with small
momentun transfer causirg chemicd changs without con-
tributing to the spectrun to be measured.

STXM with variabk x-ray energy gives NEXAFS spec-
tra at high spectraresolution ard at a spatia resolution de-
termina by the size of the zore plate x-ray focus The ra-
diation damag effecsts are typically two ordess of magnitude
lower than for EELS® ard the doe is unde the explicit con-
trol of the experimenter.

Many organc materiat are ideally suited for study by
absorptim spectroscopywith very characteristi spectra:°
The® sanme materiab are also mog sensitie to chemical
changs inducel by irradiation The dired countirg of trans-
mitted photors behind a sampe is the mog efficiert way to
obtan an absorptim spectrum with the smalle$ numbe of
incidert photons Radiation damag is still a concernIn a
typicd STXM study of organt materiad there may be fea-
turesin the NEXAFS spectrun which are seen to changs due
to accumulatd dose If the® mog sensitive spectrafeatures
are identified the dos can be controlled and a measurement
may be obtainal twice from the sane location on the sample
before apprecial# changs are seen.

B. Spectra can be obtaine d from sample s which
contai n water

Many problens to which chemicd imaging can be ap-
plied involve hydratel materials For example the study of
sample from the environmem with spatialy concentrated
contaminarg shoutl be made without removirg the water.
Sud studies will alo require the measuremerof specta at
absorptio edges othe than carbon By operatig STXM at
atmosphed pressureusualy in helium we hawe convenient
sampe installation and fewer restrictiors on sampé prepa-
ration We exploit the controlled atmosphes to work at the
oxygen ard nitrogen edgesto study hydratel speciesand to
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devel@ an instrumen which can be usel at absorptim edges
ove a wide range of photan energy from 150 to 900 eV.

Wet cells hawe been built in which hydratel precipitates
and solutiors can be examined Specta are obtainable
throuch thin silicon nitride cel windows even at the nitro-
gen K-edge.

C. STXM can be polarizatio n dependent

Transitiors contributirg to features in NEXAFS spectra
often involve electronc states which are nat sphericaly sym-
metric, in systens which are partially aligned In thes situ-
atiors the absorptiom depend on the polarizatio of the pho-
tons Synchrotram light is naturally linearly polarized in the
horizontad plare of the electr; bean orbit of the storage
ring. NEXAFS polarization dependene can be exploited to
revea the alignmen of molecula orbitals!?

At beamlire 7.0 a quarte wave plate pha retarde is
installed which can convet the linearly polarized light to
circular, with alternating helicity.r® This deviee uses
multilayer films in transmissia at energis arourd 100 eV
(too low to be practica in this STXM) ard uses amagnetized
iron film at theiron L, ard L3 edge (710 ard 724 eV). This
latter technique has mack it possibk to use magnett circular
dichroign contras to obsene magnetizatio patterrs in thin
iron samples.

II. DESCRIPTION OF THE INSTRUMENT

A pinhoke is illuminated 3 m upstrean from the STXM
(this pinhole is comma to both SPBM and STXM). The
zore plate lens generate a demagnifiel image of the pinhole
on the sample An alternati\e illumination schene may be
employeal in which the pinhole is removel ard the beamline
delivers approximate}l plare wawve fronts to the zore plate
lens While the illumination is less certan in the latter case,
the countirg rate is highe and no degradatia of the spatial
resolution has been observd in practice.

Figure 2shows the geomety of the vacuum window, the
lens the sample the detector and the orde sorting aperture
(OSA) which blocks the unfocusé zem orde light.

The zore plate focd length is proportion to the energy
of the photors ard the focusirg is controlled by two stages,
one on top of the other, which mowe the lens ard vacuum
window togethe over severd millimeters to cove the full
range of photan energy The parametes of the zore platesin
use ard the technigue for focusirg and stayirg in focus dur-
ing a NEXAFS scan are discussd below.

Figure 3 shows the STXM mechanismincluding the
helium vessé which coves all the componerg from down-
strean and seaé agains the verticd suppot bulkhead There
are various motorizal motiors for alignment prior to mea-
suring a sample.

(1) The transvers (x/y) position of the orde sorting aper-
ture mug be checka and repositiond when the photon
enery is change by a large amount Motorized stages
encode to 1 um accuracy are provided which also allow
the OSA to be translate out of the systen or positioned
on the opticd axis.
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FIG. 2. Schemat arrangemetnof the windows lens orde sorting aperture,
the sampé and the detecto in STXM.

(2) Thesampeisheld from apiezo scannirgy stage which is
itself carried on a pair of x/y stages (Newpot PM500
for coar® positionirg and scanning Thes coar® posi-
tioning stage can themselve be usal to make an image
but they cau® a large mas to mowve so tha they cannot
malke high resolution images excep very slowly. In prin-
ciple, they can be used with astep size as smal as 50 nm
but they are normally usel to make large scak survey
images at lower magnification High resolutin images
are mack over a 100 umx100um area with the piezo-
electric scanning stage (see below).

(3) The sampe stage assemb} can be moved alorg the op-
tical axis (z). Thisisimportart becaus of varying thick-
nesss of samples The distane betwea the OSA and
the sampe surfa@ shoutl be as smal as is sak (about
300 um).

(4) Two detectos are installed (see below). They can be
interchangd by horizonta transvers motion (x) under
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FIG. 3. Overal layou of STXM, showirg the helium enclosue ard the
alignmen stages.
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compute contrd and the z position is also motorized,
allowing them to be moved up close behird the sample.

All contrd and acquisition softwae is written using LA-
BVIEW from Nationd Instrumens Inc. on a UNIX platform
with motar contrd and dat acquisition in VXI. We use Na-
tional's MX1 interface to the VXI crate Images and spectra
are written to a netwok disk, and areimmediatey accessible
for processig using ‘IDL’ from Researkh Systens Inc. on
anothe UNIX workstation adjacemn to the experiment.

Two transmissia detectos are currently installed.

(1) An analg silicon diode is used for alignmert ard for
measuremestat full intensity. It is from Internationd Radia-
tion Detectos Inc. ard has an especialy thin oxide layer on
the front surfa@ so that excep at photan energis below
abou 200 eV ard at the oxygen edge the efficiengy is effec-
tively 100% Silicon requires an averag of 3.6 eV deposited
per electron-hat pair. The detecto has an active area about
5 mm in diameter mug be shieldel from visible light, and
has a dak currert of 25 pA at room temperatureAmplifier
noise ard grourd loop fluctuatiors limit the use of this de-
tecta to situatiors with transmittel flux of more than about
10’ photons/s The signa is amplified and acquirel through
a voltage to frequeny converte which gives pulses to be
counted.

(2) A pulse countirg detecto has recenty been added
ard is now usel almog all of the time. It consiss of an
efficiert fag phospho (P43 GdG,S,:Th) coatal on amicro-
scofe cove slip. The phosphois placed 1 mm downstream
of the sample and optically couple to the lucite window of
a hermett enclosue which contairs aphoton-countig pho-
tomultiplier tube (PMT), R647 from Hamamats Inc. The
phospho convers eat soft x ray to multiple visible light
photons sorre of which pass through the lucite window onto
the photocathod of the PMT which is in-line downstream.
The systen shows an overal efficieng/ of 30% (90%) mea-
sured respectively at 300 eV (650 eV) by comparisa with
the silicon photodiod (see Fig. 4). The commercia photon
countirg systen (Hamamats)is linea up to rates of 15
MHz and eay to operate We were led to use less efficient
phosphos than the standad P3L zinc sulfide in orde to
avoid long lived fluorescenceAny visible light emitted more
than 1 ms after the absorptio would smea the images The
use of P43 was suggestd by W. Meyer-lise.

Becaus of intensily fluctuatiors which arise in beamline
7.0, it is advantageasito recod a normalizatian signd along
with the transmitt@ flux during spectr& acquisition The
OSA is constructd to give such asignal A photocurrehis
measurd from an active area of metd interceptimg all of the
light passig throudh the window of the zore plate support
membraneexcep the first orde light passd by the 35 um
OSA pinhole The surroundirg metd suppors of the OSA
are biasel positive to draw off thes photoelectroa (see Fig.
2). This detectim schene also respond to ionization in the
microsco atmospherewhich depend on its composition.
The OSA signd gives avalid normalization excep at the
oxygen and nitrogen edgeslt is typically a few picoamgs of
current which is amplified and passd throuch a V-F con-
verte to be countel as pulses alorg with the transmittel flux.
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FIG. 4. Measurd efficiengy ard linearity of the phosphor-photomultiplier
detecto system.

Sample are mountel on an aluminun frame which can
carly eight 3 mm diam transmissia electran microscope
(TEM) grids This holde clips to a kinematt mourt on the
moving platen of the piezo scar stage 5cm abowe the beam
(see Fig. 5). The sampek holde is reproduciby positioneal to

within abou 20 um so that samples can be removed and

replacel allowing different experimers to switch in and out.

Sampla are photographé using a visible light microscope
before they are loada into STXM so tha the coare x-ray

images can be navigatel to the fine features of interest.

The scan stage is amonolithic x/y flexure from Queens-
gake Instrumens Inc., driven by piezo-electre transducers
with integrd capacitane encoderslt has a moving platen
nominally traversirg 100 wm in x andy, although we find the
range reducel somewha to abou 80 um in practice. We
acquie imagses of (typically) 100X 100 pixels with a count-
ing time of 1 ms pe pixel. The stag is driven stepwise,
always in the sane direction and the small-stg settke time
of the capacitane encode feedba& loop is abou 2 ms The
stage is intenda to be usal abou the cente of its moving
platen but we hawe raised it 5 cm and our sampe is held
below. This introduces Abbe errors wherely the slight rota-
tion of the platen convers to unwante transvers motion at
the end of the verticd lever arm, and gives afew percent
image distortion.

The mog difficult mechanim in the instrumen is the
z-stage which moves the zore plate along the opticd axis to
retan the focus during aNEXAFS spectrascan In measur-
ing the absorptim spectrun through the carba edge from
280 to 320 eV, say; the focd lengh of our 80 nm zore plate
(see below) changs from 3.62 to 4.14 mm. The lens must
translaé 0.52 mm to reman in focus It is necessarthat this
motion take place precisey along the opticd axis, a straight
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FIG. 5. Sample are mountel on aframe held to the moving platen of the
scan stage in akinematt mount Samples can be removel and replacel with
areproducibiliy of abou 20 um.

line joining the cente of the zore plate with the cente of the
pinhole 3 mupstreamAny erra represerg transvere walk
of the spd on the sampé and smeas the area over which the
spectrun is measuredThe sampé mug be uniform over this
area otherwis spectra artifacts will appear The transverse
walk mud be minimized if smal features are to be analyzed.

We haw built a flexure stage to move 0.8 mm alorg the
opticd axis using deformel she¢ metd diaphragms as
shown in Fig. 6. More conventionaflexure desigrs to cover
thislarge range would be too large ard bearirg stage are not
sufficiently reproducible Our flexure does nat mowe in a
completey straigtt line. Figure 6 shows measurementof the
unwantel transvers motion (run-ou) measurd by interfer-
omety before installation We observe abou 0.2 um run-
out, with hysteress and directiona dependencgebut we have
found the run-ou to be reproducibé beyord the precisin of
the interferomete measuremestto the limit of our x-ray
measurementsThere is a softwae “compensation” algo-
rithm which moves the x/y scannig stag accordiny to the
measurd misalignmeh and measurd run-ou to kee the
spd at the sare location on the sampé and eliminak the
effect in the data Performane is discussd below.

The zore plates currently in use are from a batd made
by Erik Andersa at IBM, Yorktown Heights in 1995 They
are intendel as amplituce zore plates in this range of photon
energy with opaqe zones They are usel in two sizes (a)
200 um in diameter, 80 nm outer zone width with a @t
diamete centrd stgp ard (b) 90 um in diameter, 45 nm outer
zore width with a40 um diam central stop. The zones are
100 nm thick, gold on a 100 nm silicon nitride membrane.
The first order focd lengh is given by

f:Dter/)\,

wher D is the diameter,dr is the outer zore width, and A
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FIG. 6. Design ard performane of the NEXAFS z flexure which moves the
zore plate lens longitudinally to stay in focus The measurd run-ou is
shown including directiond dependene (hysteresis Errors are the esti-
matel uncertainy of the interferometre measurements.

is the photan wavelength The focd lengh has avalue of: (a)
3.9 mm, (b) 0.9 mm, respectively at the carba edge.

Windows are silicon nitride grown by chemica vapor
depositim on a polished silicon wafer which is then etched
away with KOH. Thes windows are fabricatel by Dino Cia-
rlo a Lawrene Livermore Nationd Laboratory The
vacuun window on the beamlire is 160 nm thick, 250 um
square and has neve broken The zore plate lens carrier
membrae is abou 100 nm thick, and 300 um square. Figure
7 shows the transmissia of 100 nm silicon nitride acros the
interestirg range of photm energies.

A helium atmosphes is establishd in the microscope
vessé once the sampe holde is installed and the bean in-
troduced Normally we purge the air by introducirg helium
into the top of the tark and venting from the bottom This
causs the signd to rise abou a factar of 20, dependig on

1.0 T T T T T
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: i Thickness = 0.1 microns |
0 0 § ! i } i
0 200 400 600 800 1000

Photon Energy (eV)

FIG. 7. Soft x-ray transmissia of 100 nm silicon nitride, acros the energy
range of interest (Courtey E. Gullikson)
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the photan energy and the correspondig working distance.
For spectrd measuremestat the nitrogen or oxygen edge,
purging will nat produe a sufficiently pure helium environ-

mert and fluctuatiors of the residu& oxygen or nitrogen con-

tert are problematic In the® case the vessé is pumped to

250 m Torr, which is as low as it will go with all the motors
inside A subsequenhelium fill is sufficiently pure so that

there is littl e atmosphend absorptio signd in the measured
specta and normalizatiom is reliable High voltage
feedthrough in the bulkheal hawe bee adapte to prevent
breakdown in helium The scanniig stage high voltage (170

V) pose no problem The photomultiplig tube is hermeti-
cally seal@ agains the helium and held in air at atmospheric
pressureCabk connectios carty the bias (1100 V) through

helium without breakdown.

Ill. OPERATIONAL PROCEDURES

Although the brightnes of beamlire 7.0 is a powerful
advantaggthere are practicad difficulties. Sharirg the beam-
line mears tha time is spen configurirg the optics and steer-
ing the bean bad into the microscog before use During
microscog developmehthe beamlire has been share by
literally hundre@ of visiting scientists which has compli-
catal the task.

Anothe challenge is that the high brightnes soure does
not overfill the aperturs by the large factors sea in imple-
mentatiors of diffraction limited systens on older light
sources This leads to large variatiors in signd due to mo-
tion of the photan beam.

Here is a description of the operatios necessar for
spectromicroscopdat acquisition:

(1) For work at a certan edge the corre¢ monochro-
mata grating is selectedthe photm energy is selecte in the
middle of the NEXAFS range ard the refocts mirrors are
adjustel to put the bean into the microscope.

(2) With the OSA removal from the bean path the
mirrors are steere to maximize the flux passiig through the
zore plate into one of the transmissia detectors This es-
tablishes the line which the beam naturaly takes.

(3) The pinhole can be placal in the bean 3 mupstream
ard its transvere position is optimized for maximum trans-
mission The nomind pinhole size (e.g, 60 um diametey is
tha which will be demagnifiel to a spd on the sampé of
size equa to the diffraction limit of the zore plate lens We
often use an undersiz pinhole (e.g, 25 um diametey to cut
down the intensiy to contrd radiation damage.

(4) The OKA is usal as ascannd pinhole (35 um diam-
etep to measue the illumination uniformity of the zore plate
on its window, ard to adjug the bean steerimg if necessary.
Then the OSA is placel at the cente of the measurd pattern,
which shows the first orde light coming to a focus The
OSA mud be accuratef positiona (+/—2 um for the 45 nm
zore plate to eliminat transmissia of unfocuse zerm order
light, which would give blurred ghoss in the image.

(5) Now we are read/ to focus on the sample A STXM
image with a contras featue is required (this may be the
edge of a grid ban. An x/y line scan is definal acros an

Copyright ©2001. All Rights Reserved.
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intensiy variation in the image The softwae focus algo-
rithm perforns repeatd x/y scars alorg this line with vary-
ing focus conditiors (zore plate z positiong and one sees the
positian at which the focus is sharpestThe deph of focusis

typically afew um so some care is required. This focusing is

mack using the PM5Q zore plate z stag atqp the z flexure
with the flexure at mid-range The use of the flexure is re-
serval for NEXAFS spectré scans.

(6) With a focusel STXM image on the computer
screen mack using the piezo x/y scan stage one can havi-
gak to area of interest The photan energy mug be chosen
correcty to rende features visible with chemicé contrast.
With the photan spd stationay on the sampé surface an
absorptim spectrin can be acquired Undulato moves are
usualy mack at eat enery step ard ashutte is provided to
automaticaly cut off the bean during undulate and diffrac-
tion grating motion (200 ms per move, to prote¢ against
unnecessgrradiation damage An adjustabé dead-bad is
provided in the undulate contrd algoritm which can be
increasd to allow severdenery points to be measurd be-
fore the gap is changedor the undulats motion can be dis-
abled The shutte is alo usel to recod the detecto dark
count before ard after the spectrascan A countirg period
of 200 ms per energ poirt is typical. Normalization signals
are recordel along with the court of transmittel photons,

then the sampe is removed ard the measuremerrepeated.

If t;, n; are the transmittel signd ard the normalization
signd (daik levels subtractegwith the sampein, and t,, n,
are the repeatd measuremerwith the sampé out, then the
absorptio cross sectim is proportion to:

In[(to- i)/ (ti-no)].

(7) The thicknes of the sampé shoul be sud tha there
is at leag abou one absorptim lengh of the specis of in-
terest Sample which are too thin or too thick give noisy
spectra eithe becaus ther is too littl e reduction in count

rate at the edge or too few couns after transmission.

Sampla can be severé absorptio lengths thick before the
latter condition is encounteredIf the specie of interes is
dilute, the thicknes can be increasedand atons presem at
the levd of abou 2% can be studied The sampké mud be
uniform acros the spd size of the focusal photan beam,
otherwis the spectrun is distorted Sone highe orde light
is delivera by the beamlire at integer multiples of the de-
sired photan energy ard is presen at the STXM focus at the
leve of abou 1%. This can distott the specta obtainel from
thick sample unles the amoun of highe orde light is de-
terminal and subtractd from the signab before the ratio is
made.

(8) The tuning of the compensatio algorithm is checked
prior to the measuremenof submicran features The algo-
rithm moves the x/y position of the sampe to eliminake the
effects of transvers stage run-ou as the zore plate is moved
in z by mears of the flexure stage to reman in focus through
the NEXAFS scan Featurs in the image which retan con-
trag are imagel at various energis throuch the NEXAFS
range with the compensatio active to ensue there are no
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FIG. 8. Spatia resolutim measuremestusirg the edge of a thin fragment
of a silicon nitride window. The curve superimpose on the measurd edge
profile is computel as a Gaussia convolutel with an edge The vertical

scak is the numbe of photors countal in transmissionNoise is somewhat
worse than statistica] showirg the magnituc of bean motion (unde favor-

able conditions which causs the illumination intensiy to vary.

problematt shifts in the image position If sud shifts are
sea the algorithm parametes can be adjusted.

IV. EARLY PERFORMANCE

We hawe measurd 1.7x 10 photonsé transmitted
through the helium atmosphes with a spectra width 1/3000
in the zore plate first orde focus spd at 320 eV, with the
storag ring runnirng at 1.9 GeV, 400 mA. Images can be
mack with a countirg time on the orde of 1 ms per pixel. At
highe photm energis the intensiy increasesas the win-
dows becone more transparentuntil the beamlire output
decreasgabowe 500 eV. In orde to maintan uniform over-
fillin g of the microsco pinhole and the zore plate lens it is
necessarto maintah optimized tuning of the undulate gap,
to produe the requiraed photm energy in the centra cone.
Optimized bean steerirg mug be maintaing for the same
reasons Turning the intensiyy down for radiatiin sensitive
measuremestis beg accomplishd by reducirg the mono-
chromato exit slit width, typically to 10 um, reducing the
diamete of the pinhole typically to 25 um, and by choosing
aless powerfu undulate@ harmonic.

Figure 8 shows an image and a profile of a fragmented
silicon nitride window made using the 45 nm zore plate,
demagnifyirg a 25 um pinhole by a factor of 1000. The
broken remnang of these windows form shap points and
well definel edges goad for x-ray spd position ard size
measurementsThe effective size of the spd is the most
relevan spatid resolution parameterWe discus the mea-
sural full width haff maximun (FWHM) of the x-ray spot,
ard find it large than the diffraction limit. Severé effects
contribue to its size ard we assune a Gaussia profile for
simple analysis A Gaussia is convolutel with a step func-
tion to represeha line acros the image of the edge The
resultirg curve is fit to the data with 0.13 um FWHM. Nor-
mally one consides adiffraction limited zore plate spd to
hawe adiamete 1.2 6ry (=0.055um in this casg A diffrac-
tion limited spa produce by this zore plate (with central
stop would have a FWHM of (0.4 \)/numerich aperture
(NA)=0.040um,** with extende fringes.

Thete are sever& otha possibe contributiors to the size
of the x-ray spot.

First, the geometricaly demagnifie pinhole is acircle
diamete 0.025 um.
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Second in orde to maintan alignmen this STXM is
supporte without vibration isolating air pads Ambient vi-
bratiors of the scanniiy stage and zore plate are measured
with accelerometarand exhibit severdpeals at acoustt fre-
guencis with amplitudes on the orde of 0.010 um. This
indicates tha we are close to the point where ambiert vibra-
tions limit the spatid resolution We sometims observe
streakirg of smal features when measurd quickly with x
rays consistehwith horizontd and verticd vibratiors at fre-
guencis from abou 10 to 50 Hz. Thes are at the 0.050um
level. Thes effects may be due to vibratiors or to electrical
noise in the scan control They are unde investigation.

Finally, it is also possibé tha the zore plate is imper-
fect.

For spectromicroscopythe spectrum is as importart as
the image The god is to measue absorption specta from
smal features and the minimum size featuie tha can be mea-
sural is acrucid parameter.

In the first mode of spectra acquisition we wart to ex-
trad absorptimm specta by illuminating a localized spd on
the sample Clearly the x-ray spd size is a limit, but in
STXM the possibility of transvers motion of the spd on the
sampe as the lens moves longitudinally (to stay in focus
throuch the NEXAFS scan may limit the technique further.
Our softwale procedurewhich moves the sampé in x/y to
compensat for this effect is successfuup to the levd that
the effed is measuredard is reproducibé at this levd from
scan to scan Figure 9 shows the results Here we see aseries
of images of submicra polyme precipitag particles mea-
surad at energis throudh the oxygen K-edge NEXAFS
range taken with the compensatin algorithm operational.
The apparenshift of the images throudh this typicd carbon
NEXAFS range has been reducel to less than 0.15 um so
tha specta can be acquira from uniform regiors of the
image as smal as abou 0.2 um without artifacts due to
transvers walk of the spot.

It is necessarto accuratg) reposition the x-ray spd on
sampe features see in a previousy scannd image One
concen istherma drift, since sorre time may elap® between
image acquisition ard navigation for spectroscopyWith the
instrumen enclosue sealed we obsere tenths of micron
therma drift betwea the sampé ard the lens on atimescale
of ters of minutes Thes effect are detecte by stepping
transversgl acros image features at fixed energy prior to
dwelling for a spectra measurementigure 9 shows a suc-
cessfuly navigatel image Radiation damag is sea at the
point of dwel on the shel of a polyme precipitae particle
after a numbe of spectrd measurements.

At the time of writing the effective spatia resolutian for
spectromicroscopin this first mode of spectrhacquisitian is
sd by (a) the effective spd size (b) the precisio of the
run-ou compensatio (which is basel on data extractel from
x-ray images, and (c) therma drift. All three effects have
similar magnitude.

In the secomn mode of spectrd acquisition “stacks” of
images are acquirel over a suitabk range of photm energies.
For example 100 images are acquirel at unequaly spaced
values of the photm enery through the NEXAFS range.
This mocdk takes advantag of the high court rates and mini-
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FIG. 9. Images of submicra polyme precipitates transversel compensated
during acquisition as the phota energy is steppé through the oxygen 1s
NEXAFS range The residu& motion of the images in the frame is less than

0.15 um. Also shown is an image made following accurately placed spec-

troscopt measuremestwhich resultel in radiation damag to the measured
shel of the precipitae particle.

mizes the overhed due to undulate gagp changesThe® se-
quentid images are shifted in x and y as necessarto register
with one anothe to avoid the effects of run-ou and thermal
drift. Specta are obtainal by summirg pixels over selected
image features Thes analyss are made using computer
prograns provided by C. Jacobser®® If an areawithout spec-
tral features is included in the images normalizatio is built

into the data set Such developmert are alo underwy at

NSLS The dat acquisition time will be consideraly re-

ducdl at the ALS.

V. EARLY RESULTS

Figure 10 shows sectioné Kevlar fibersimaged at the C,
O, ard N K-edges by absorptio of polarized x-rays with E
vecta horizontal The polyme chairs point along the fiber
ard the aromatt rings and carbonys are oriental preferen-
tially in the radid direction This mears that«* orbitals into
which C, O, and N 1s electrors can be excited are all pref-
erentialy tangential This orientatio is reflecta in the co-
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FIG. 10. Sectioné Kevlar fibers have been imagel to demonstrat the polarization sensitiviiy of STXM. The phota E vecta is horizontal The #* orbitals

are orienta preferentialy radially and thisis reflectel in the changimg ratio of 7 to o absorption, especially in the case of nitrogen and oxygen, which occupy

unique sites.

sine square dependene of the absorption cross sectio at
the enery of the transitiors into 7 orbitals. The opposite is
true for excitatian into o orbitals. The degree of orientation
can be quantified!? at leag for the O ard N atoms which
occupy unique sites in the molecule.

Figure 11 shows images ard localized C K-edge NEX-
AFS specta of a organic-rich soil sampé (pine ultisol, Pu-
erto Rico) in its origind form (with wate present The wet
sampk was mountal betwea two silicon nitride windows
(160 nm thick). Large densiy variations silicatg and iron—
oxide particles ard filigree organt structure are visible in

E % § &
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290 300 eV
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FIG. 11. Wet soi sampla hawe been studia for their contaminatio chem-
istry. In this exampe the peals arourd 290 eV are p transitiors in specific
organt functiond groups the two peals arourd 300 €V are L-edge absorp-
tion in potassium The spatid location of the potassim is associate with

the presene of specift organt groups.

the STXM image The® in situ measuremestinvolve an
origind soil sampé not exposé to ary kind of chemical
treatment with uncertan thicknes and sever& ordess of
magnitue attenuatia of the transmittel flux. The NEXAFS
specta shav characteristi 1s—#* peaks from organic func-
tiond groups The specta clearly exhibit differert groups
(correspondig to 1s—#* transitions at different energies
Work is underwg to obtan NEXAFS specta from chemi-
cally extractel soil organt molecules (humic and fulvic ac-
ids), again$ which thes microscopt resuls will be
compared?

Figure 12 is an image revealirg magnett domairs in a
26 nm thick, demagnetizeé Fe film. This image was pro-
ducel using magnett circular dichroisn (MCD) for absorp-
tion contrast Transmissia through a saturatd magnett Fe
film provides circularly polarizead light from the linearly po-
larized undulato bean by preferentialy absorbilg one he-
licity with respet to the other This resonanh circular
polarizet® is placal upstrean of the STXM so tha the beam
focusal onto the sampé has sone degree of circular polar-
ization Sincee Fe (and mos) thin magnett films hawe mag-
netization M in-plane both polarize and sampé neda to be
positional away from normd inciden® so tha the scalar
produd of the wave vecta k and M is nonzero In this case
the sampé normd is rotated 35° away from k and the sample
oriental abou its normd to maximize k.M. Domairs in the
demagnetizé sampe are observd as the orientation of M
changs by 180° acros doman walls. The contras can be
reverse simply by reversirg the magnetizatia in the up-
strean film eitha by rotation or electromagneticallyQuan-
titative studies of the variation of magnetizatia with posi-
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FIG. 12. Magnett contras has been achievel using transmissia Fe fimsas
resonah circular polarizes in the incidert bean at the L3 white line (708
eV) where magnett circular dichroign is maximum The polarize can be
flipped paralld or anti-parallé to the longitudind magnetizatia vecta of
the sample Domairs are observe in demagnetizeé Fe films mountel in
STXM with normd at 35° to the incidert photons.

tion are possibé using this technique as are studies of the
magnetizatia distributiors in differert magnett layers in
magnett multilayer structures.

Anothe area of application of the STXM isin the study
of the chemicéd processe taking place within and on the
surface of microcrystallire componerg of soils including
both minerd and clay particles The chemicalyy active frac-
tion of clays which are alumino—silicate layered crystals are
the microscopt particles nea 1 um in size. In order to study
thes microcrystas in their naturd state it is necessar to
retan alayer of liquid water, since the clays naturallyy absorb
wate which significanty changs their physica volume and
chemicé activity. The STXM allows us to probe the changes
in chemic& composition within individud clay particles in
the natural fully hydratel state Figure 13 shows aclay par-

spectrum from 0.2um region|
in center of crystallite

absorption cross section (arb. units)

T T T T T
710 715 720 725 730
photon energy (eV)

FIG. 13. Fein solution absorbd by smal clay particles The x-ray image of
the wet sampé locates the particle locd concentratia of contaminat is
high in the cente ard the Fe L-edge spectrum reveas the ionic state.
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ticle, which is intercalatd with Fe ions and fully hydrated
while imaging The concentratia of Fe is high enoudn to

perform in situ near-edg spectroscopon asmal region of a
single clay particle held betwea the windows of a “wet

cell.” The L edge spectrun of the Fe can be useal to deter-
mine the Fe(llIIT) valene distribution Comparisa to spec-
tra of known Fe salts in solution (also measurd with this
instrument’) shows tha this particula sampe is principally
Fe(lll).*® Locd concentratios of dopar specis shoutl be
on the orde of 1% or highe for this measuremertechnique.

VI. DISCUSSIONS

We hawe extendd the STXM techniqgue to highe photon
energis ard faste datarates in an instrumen at an undulator
beamlire at the Advancal Light Source.

We hawe developd a capabiliy of measurig locd ab-
sorptian specta at the oxygen and nitrogen K-edges at atmo-
sphert pressurein addition to the very importart carbon
K-edge Thes are the three mog importart constituens of
man-mae@ organt materials and this capabilily is an excel-
lent matd to the need of x-ray polymea spectromicroscopic
analysis.

The STXM is capabé of resolvirg the chemica stae of
transition metd specisin solution at 0.2 um resolution. It is
ideally suited to studies of the microbe—minerd interface,
sinee it is equaly capabé at the lower enery C, N, and O
edges and at the previousy inaccessit# L-edges of the tran-
sition metals We hawe developé acapabiliy for measuring
wet thick sampla from the environmentstudyirg the spatial
distributiors of specift organt functiond groups ard ana-
lyzing dopar specie at locd concentratios on the orde of
1%.

Magnett domairs in the bulk of magnett thin films can
be imaged using circular polarized photors at the Fe, Ni, and
Co L-edgesThis allows layer-specift studies of the domain
structue of magnett mutilayers.

Our court rates are abou ten times highe than in imple-
mentatiors elsewhee so tha data rates for image sequences
are greaty improved.

We hawe not quite achievel diffraction limited spatial
resolution The developmenof the instrumen proceeds.

Use prograns are now underwg in the area of poly-
mer science environmenth chemistry and magnett thin
films.
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