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Correlating Auger Electron Spectroscopy with Scanning Electron
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Summary: A method has been developed to characterize
large populationsof individual respirableparticles. Withthe
use of custom data collection and data correl ation comput-
er software, the same set of particlescan beanalyzedin mul-
tipleinstruments. The method isdemonstrated by the analy-
sisof asample of hard-metal particles. A seriesof particles
are analyzed by Auger electron spectroscopy, and then the
same particles are analyzed by scanning electron
microscopy-energy dispersive spectroscopy.
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I ntroduction

Workplace exposureto respirable particlesisknownto be
aserious occupational hazard in many industries. Unfortu-
nately, the chemical and physical characterization of these
particlesisnotoriously difficult (Jamberset al. 1995, Van
Grieken and Xhoffer 1992). Many of the most commonly
used analysis methods, such asinfrared spectroscopy or x-
ray diffraction, only provide bulk properties of the sample.
While thismay be sufficient for homogeneous exposures,
for heterogeneous exposures, or when looking for trace con-
taminants in homogeneous samples, particle-by-particle
analysisisoften needed for the separate characteri zation of
theindividual contributions which make up the total expo-
sure (Cornilleet al. 1990, De Bock et al. 1994, Michaud et
al. 1996). Moreover, the particles themselves may not be
homogeneous—for example, they may have surface coat-
ings(Wallaceet al. 1990) or they may be aggregates of small-
er particles—so that an entire vector of datamay be needed
for each particleto characterize the exposurefully.

Unfortunately, thesmall size of respirable particlessevere-
ly limitstheanalytical techniquesavailablefor particle-by-
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particle analysis. Ideally, such atechnique should provide
both morphol ogic and compositional information about each
particlewith submicrometer resol ution; and in many cases,
the technique must be able to provide thisinformation for
hundreds or thousands of particles per sampleto satisfy the
statistical demands of astudy.

The scanning el ectron mi croscope equipped with an ener-
gy dispersive spectrometer (SEM-EDS) hasbecomeawork-
horsein the areaof respirable particul ateidentification and
analysis (e.g., Abraham and Hunt 1995, Fruhstorfer and
Niessner 1994, Van Grieken and Xhoffer 1992, Wallace et
al. 1996, Xhoffer et al. 1991). The combination of the high
spatial resolution of SEM combined with the sensitivity of
EDSprovidesapowerful tool for elemental analysisof small
particles. In addition, modern SEM systems often provide
the ability to perform automated analysis of multiplefields
of particles, makingit practical to analyze hundredsor thou-
sands of particlesper sample.

Inthe SEM-EDStechnique, theanalysisvolumetypical-
ly extends some tens of micrometersinto the sample. For
particlesin the micrometer size range, this meansthat the
analysisvolumeextendsall theway through theparticle. In
contrast, theanaysisvolumein Auger e ectron spectroscopy
(AES) isnormally on the order of only afew atomic layers
deep. Therefore, AESisoften used asacomplementary tech-
niqueto SEM-EDS. The electron beam in most AES sys-
tems can be scanned across the sample, providing imaging
capabilitiessimilar toan SEM. Thus, acombination of SEM-
EDS and AES measurements provides elemental informa-
tion of both the entire particle, aswell as surface specific
information.

Scanning electron micrscopy-energy dispersive spec-
troscopy has often been used in conjunction with AES and
other surface analysistechniquesfor analysisof particulate
samples (Childset al. 1996, Grekulaet al. 1986, Michaud
et al. 1996). Attemptsto use these two techniquestogether
inanintegrated fashion have not been common because most
instruments do not have both the electron energy analyzer
needed for AES along with the x-ray detector needed for
SEM-EDS. Although measurementsusing both techniques
areoften performed on particul ate sampl es, theidentities of
the specific particlesusudly arelogt asthe samplesaremoved
from oneinstrument to another. Uritsky et al. (1997) describe
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the use of acommercial laser-based particle mapping sys-
temtore-find small particlesfor analysisby both SEM-EDS
and AES. However, intheir studiesAES measurementswere
only performed on asmall number of particles, and their
technique requires the use of additional expensive equip-
ment. In general, correlated SEM-EDS and AES measure-
ments have not been made on large numbers of particles.

In the studies detailed herein, amethod has been devel-
opedto analyzelarge numbersof particlesusing both SEM-
EDS and AES, preserving the particle identities in the
process. |n many cases, thismethod can be applied to exist-
ing equi pment without hardware modification. A combina-
tion of custom and commercial datacollection software has
been used for automated particle analysis, followed by a
postprocessing phasewhich correl atesthe acquired dataand
removesfalse-positive analysispoints. Thismethod isgen-
erally effective enough to be readily adapted for use with
other types of instruments, such as confocal microscopes,
atomic force microscopes, or Raman microscopes.

Experimental

Particle analysis using arespirable dust sample consist-
ing of overspray from ahard-meta detonation gunisdemon-
strated. A few micrograms of this sample were suspended
inisopropyl alcohol, and several drops of the suspension
were allowed to evaporate on a 1 cm diameter carbon
planchette. Four X marks and one additional index mark
were made on each planchette using arazor blade. The X
marks served asregistration points used in setting the coor-
dinate system for the sample (vide infra). The loneindex
mark was used to establish unambiguously the orientation
of theregistration marks (Fig. 1).

The AES measurements were made on aPhysical Elec-
tronics 5700 Multitechnique system equipped with amod-
el 10-210 electron gun, an Omni FocusV lens, amodel 10-
360 spherical capacitor analyzer, amultiplechannel detector,
and PC-A ccessdatacollection software (version 6.0F). The

Fic.1 Schematic diagram of acarbon planchette asviewed in two
different instruments. Registration marks (Xs) have been added with
arazor blade. By using the coordinates of theregistration marks, atrans-
formation can be found to convert the coordinates on the | eft to those
ontheright.

sample was cleaned with abrief (60 s) Ar ion sputter prior
to analysisto remove residue from the solvent. Secondary
electron images and Auger spectrawere collected using an
electron accel erating voltage of 3keV and animage magni-
fication of 700x. To achieve maximum electron flux to the
sampl e, the condenser lens was opened to the point where
the smaller particles could still just be resolved. The elec-
tron beam current measured at the samplewas~10nA. Sur-
vey spectraweretaken of each particleat al €V resolution,
20 ms per point, with 20 sweeps averaged to produce each
spectrum. Theelectron energy analyzer wasoperatedin fixed
retard ratio modewith AE/E = 0.6%. The AES peak heights
were determined after subtracting acubic background fitted
tothebaseline on either side of the peak and then converted
to equivalent peak-to-peak val ues so that concentration could
be determined using published sensitivities (Physical Elec-
tronics 1996).

Scanning electron microscopy-energy dispersive spec-
troscopy measurements were made using a Jeol JISM-6400
microscope with a Princeton Gamma Tech model
0OPJ0411243 detector equipped with an Omegaultra-thin
window. X-ray spectrawere collected at 20kV accelerating
voltage. The secondary electronimage of each field of par-
ticleswas collected at 700x magnification. X-ray spectra
were collected for each particlein thefield for 30 s(livetime)
per analysis point, with adetector dead time of ~25%. Elec-
tron beam current was~500 pA.

New Method

Current commercial SEM software and hardware allow
for easy imaging of multiplefieldsof particles, with the sub-
sequent analysisof each particlefrom x-ray spectraacquired
by EDS. The difficulty comesin attempting to analyze the
same particlesin different instruments. For this study, the
hard-metal sampleswereto be analyzed by EDSto deter-
minethetotal composition of each particle, and thenthesame
particles wereto be analyzed in an AES spectrometer to
determine the surface composition. It was desirable to be
ableto analyzealarge number of particles(in the hundreds
per sample) using each technique, so finding the particles
manually for the second and subsequent runs was not con-
sidered practical.

When multiple fields of particles must be analyzed, the
problem of finding the particlesistwo-fold. First, the orig-
inal field of particles must be found on the planchette; sec-
ond, theidentical particlesanalyzed in thisfield during the
first experimental pass must be found so that they may be
analyzed a second time under the new conditions. In addi-
tion, if one wishesto collect images under the two condi-
tions so that theimages can be compared (or published) side
by side, athird requirement may arise; the two images may
need to be transformed so that they occupy the same coor-
dinate space.

The three problems above can be generalized to one of
transforming one coordinate space into adifferent coordi-



304 Scanning Vol. 20, 4 (1998)

nate space. For example, the stage coordinates of thefields
on the planchette, when measured in the first instrument,
must be transformed to anew set of coordinates when the
sampleis put into the second instrument so that the fields
can berelocated. Since the sample may berotated or shift-
ed when moved from one stageto another, and the scal es of
thetwo stagesmay not beidentical, itiseasiest totransform
the coordinatesusing a2x2 transformation matrix followed
by atrandation vector.
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Oncethefield has be found and imaged asecond time, a
second transformation is needed to convert the pixel coor-
dinates of the first image into the pixel coordinates of the
second image. Using these coordinates, theimages can be
overlaid to locate identical particlesor for other compar-
isons. Once again, if theimaging islinear and the samples
are sufficiently flat, theimage from oneinstrument can be
converted to the coordinate system of theimage from the
second instrument by a2x2 matrix transformation followed
by atrandlation vector.

In the method detailed here, thefirst transformation was
determined with the aid of four small Xs which were
scratched into the sampl e planchettewith arazor blade. Dur-
ing the analysisin the AES system, the stage coordinates
necessary to bring the center of each X intothe center of the
field of view wererecorded, along with the stage coordinates
of eachanalysisfield. Then, when the samplewasmovedto
the SEM, the new stage coordinates of the four registration
Xsweredetermined and thetransformation parameterswere
calculated using aleast-squaresfit. These parameterswere
then used to predict the SEM stagelocationsof theanalysis
fields(Fig. 1).

Once afield wasrelocated, analysis points within each
field were determined separately for each instrument based
onthenewly collected images. For the SEM measurements,
abinary threshhol ding algorithm was applied to the sec-
ondary electronimage and the binary featureswere assumed
to be particlesto be analyzed. Analysis points were sel ect-
ed manualy inthe AESinstrument because shadowing prob-
lemsin the secondary image made threshhol ding difficult.

Sincethe particleidentification processes are performed
independently in each of thetwo instruments, it isstill nec-
essary to identify the analysis points which correspond to
identical particlesbetween runs. The approach chosen here
was to write additional software which guides the user
through the task of aligning the images (and therefore the
analysispoints) to oneanother. The user selectssevera points
on the screen which are common between the two images.
A least-sguares fit then determines the best transformation
parametersto map theidentical pointsto oneanother. Once
thismapping hasbeen accomplished, the software searches
for analysispointsfrom different runswhich liewithinapro-
scribed distance to one another. All measurements which

can be so correlated are saved to aspreadsheet file, and the
uncorrelated points which remain are discarded. Since the
entire correlation process can be performed in lessthan a
minute per field of particles, thetechniqueisappropriatefor
very large numbers of measurements. Furthermore, suffi-
cient dataare archived to allow backtracing of any datapoint
all the way back to finding the original particle on the
planchette.

Theparametersused to transform the particle coordinates
canasobeusedtotransformtheimagesaswell. Thisallows
theimagesto be presented on the same scaleand orientation
for easy comparison or for publication. Software waswrit-
tenin Perl 5.003 to transform an image using the transfor-
mation parameters cal culated from theleast-squares proce-
dure.

Custom computer software waswrittento saveal of the
data necessary to recreate thefield positions and the analy-
sispointsin each field. For the SEM-EDS analysis, scripts
were written to interface with the Princeton Gamma Tech
IMIX software version 8.288. These scripts automate the
microscopeto move the sample stageto anew field, collect
asecondary electron image of the new field, and then ana-
lyzeeach of theparticlesin thefield with EDS. For eachfield,
the software saves the coordinates of the field on the stub,
the secondary electronimage, the position of each analysis
point within thefield, morphol ogic information about each
particle, and the x-ray spectrum for each particle.

Additional custom softwarewaswrittento serveasafront
end program to the PC-Access software. A front end inter-
facewasneeded to provide dataarchiving and imageanaly-
sisfor each analysisfield and to overcome somelimitations
of thecommercia software (most notably, alimit of 20 analy-
sispointsper samplerun). Using thefront-end software, an
imageiscollected and datapointsare sel ected either manu-
aly or astheresult of animageanalysisa gorithm. Thedata
points are then collected in batches of 20 or fewer. Coordi-
nate data are saved so that the analysis points can be super-
imposed onimage at alater date. The sample stageisthen
adjusted manually to moveto the next field of particles.

Results and Discussion

Four fields of particleswere analyzed by both AES and
SEM-EDSto simulate the analysis of areal-world sample.
During the AES data collection, 266 analysis pointswere
selected manually over the four fields. The AES data col-
lection proceeded at ~10 particles/h, so each field could be
analyzed during an overnight run. When the samefieldswere
analyzed in the SEM, the automatic threshholding routine
identified somewhat more points (521) for further analysis.
However, dueto the faster collection timein the SEM, all
four fieldswere analyzed in asingle 6 h run. Theresulting
datafileswere fed through the correlation software where
252 correlated pairs were identified. Although 95% of the
AES particles found matchesin the SEM-EDS data, only
48% of the SEM particlesfound AES matches. Thisisdue,
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inlargepart, tothefact that SEM fieldswerelarger thanthose
onthe AES; approximately 30% of the particles analyzed
by SEM-EDSwereoutside the boundariesof thefieldscol-
lected inthe AESinstrument. In addition, theimage resol u-
tion wasbetter inthe SEM, so someof the smallest particles
weremissed in theimagesfrom the AESinstrument.
Theprocessing of asinglefield of measurementsisillus-
trated in Figures 2-5. Figure 2aand b showsthe original
images as collected in each instrument. In Figure 3aand b,
the datafiles from the data coll ection software have been
used to recreatethe datacollection process. Thecorrelation
program hasbeen used to display theimagesand label each
analysis point. The X marks are locations sel ected by the

(b)

Fic.2 Secondary electronimagesof atypical field of hard-metal par-
ticles. (a) Image from AESinstrument; horizontal field width = 140
pm. (b) Imagefrom SEM instrument; horizontal field width =165 pm.

user indicating identical spotson eachimage. The software
then usesthe X marksto determinethetransformation para-
meters necessary to map oneimageinto another. In Figure
4, thesetransformations have been applied tothe AESimage
todeform it into the same coordinate space asthe SEM image
(compareFig. 4with Fig. 2b). Thedatacorrel ation software
al so transforms the coordinates of the AES analysis points
by the same method and overlaysthetransformed pointson
top of the SEM pointsfor correlation, asshownin Figure5.

Figure 6a shows an expanded view of the bottom center
region of Figure 2b. Both SEM-EDS and AES spectraare
shown in Figure 6b for each of the threelabeled particles.
Although the particles B and C both appear to be high tung-

(b)

Fic.3 Pointsanalyzedusing (a) AESand (b) SEM-EDS, asdisplayed
by the data correlation software. Circlesare AES analysislocations,
and squares are SEM-EDS analysislocations. The user has selected
four locations on each imagewhich correspond to identical points(xs).
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sten particles with similar compositions when probed with
SEM-EDS, the Auger spectrareved that particle C hascon-
siderably more chromium and cobalt on the surfacethan par-
ticleB. Particle A hascobalt both on the surface and through-
out the particle.

One strength of making correlated measurementsisthe
ability to identify propertiesof particlesin various subpop-
ulationsof asample. For example, the particlesanalyzed for
the current study are plotted in Figure 7aaccording to their
estimated concentrationsof tungsten, cobalt, and chromium
(the predominate metal sfound for thissampl€) asdetermined
by SEM-EDS. Because of the difficulties associated with
guantitative analysis of small particles, only approximate
elemental concentrationswere cal culated using astandard-
less k-ratio method. Particleswith low SEM-EDS signals

Fic.4 The AESimagefrom Figure 2aafter transformation into the
coordinate space of Figure 2b. The transformation parameterswere
determined by the software using thexsin Figure 3.

Fic.5 TheAESanalysis pointsfrom Figure 3, transformed to the
SEM coordinate space and overlayed on top of the SEM image and
analysis points. Bold points are those which have been identified by

the software as correlated pairs.

(<1000 counts) for thethree primary elementswereleft out
of the diagram. Based on these data, the particleswerethen
(somewhat arbitrarily) classified into four categoriesaccord-
ingto SEM-EDS composition. These categoriesarelabeled
in Figure 7aas (b) high tungsten, (c) tungsten with some
cobalt (<20%), (d) tungsten with higher amounts of cobalt
(>20%), and (e) tungsten with chromium.

The surface compositions, as determined by AES, were
then examined for each category. Figure 7b through e shows
thesurface (AES) datafor categoriesb through e (aslabeled
inFig. 7a), respectively. For example, Figure 7b displaysthe
surface compositions of the particles determined to be high
intungsten (category binFig. 7a) fromthe SEM-EDSdata.

From the correlated data, the following conclusions can
bedrawn: (1) Particleswith bulk cobalt concentrationsal so
show surface cobalt (Fig. 7c and d); (2) particleswith bulk
chromium concentrationsal so show surface chromium (Fig.
7€); (3) some particleswhich look like puretungsteninthe
bulk analysislook likepuretungsteninthesurfaceanaysis,
but others show significant amounts of cobalt and chromi-
um (Fig. 7b). Thusit appearsthat some of the particlesare
tungsten with athin coating of cobalt or chromium on the
surface.

Intheresultspresented here, it wasrd atively easy toiden-
tify the particles because the large differencesin density
between the hard-metal sample particlesand the carbon sub-
strate produce high contrast SEM images. Moreover, the
particleswere identified manually for AES analysis, fur-
ther reducing the number of false identifications. Howev-
er, for other types of samples, the number of incorrect par-
ticleidentifications may be much greater. Obviously, if a
reliable analysis method isdesired, particleidentification
criteriawhich consistently identify the same particles are
desired.

Theabove problemisnot asseriousasit might appear ini-
tially. Itisgenerally advisable to set the particleidentifica
tion parameters on the generous side so that there arefalse-
positiveidentificationsrather than fal se negatives. Sincethe
human eyeis generaly morereliable than computer algo-
rithms at identifying particlesin an image, theinteractive
datacorrelation software is designed to allow the user to
override quickly the false-positive identificationswith a
mouseclick. Although the same effect could beachieved by
requiring ahuman operator to be present toidentify the par-
ticles during the data collection step, it is much faster and
moreefficient to collect some number of false-positive points
and then remove them during the postprocessing phase.

Furthermore, it isfrequently unnecessary to remove the
false-positive points at all. Since the particle identification
processes are performed on images collected under differ-
ent conditions, thefalse-positive pointsarerarely the same
on each image. Therefore, the act of correlating the mea-
surements often removes many or al of the false-positive
points. Intest runs using lower density mineral particles
(which produce lower contrast images), it was found that
most of the fal se-positive measurements were due to sub-
strate texture and imperfections. Since theseimperfections
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Fic.6 Sample spectrafor three particles. (a) Expanded view of the bottom center portion of Figure 2b; (b) SEM-EDS and AES spectrafor the

threelabeled particles.
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(b)

Fic.7 Ternary diagrams of particle compositions. (a) All particles,
asanalyzed using SEM-EDS. The remaining ternary diagrams show
classesof particlesfrom Figure 7aasanalyzed by AES: (b) Hightung-
sten particles; (c) tungsten particleswith small amounts of cobalt; (d)
tungsten particles with greater amounts of cobalt; (€) tungsten parti-
cleswith chromium, iron, or nickel. Negative values are possible due
to the baseline subtraction methods used.
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varied in appearance in the two instruments, the false posi-
tives generally did not find amate when the data were cor-
related. Thisalso highlights the importance of setting the
particleidentification parameterstoo generoudy; alonefase-
positive point will often be removed when the dataare cor-
related, but amissed point (fal se-negative) will resultinthe
entire particle being dropped from the data set.

It proved to bedifficult to collect the same quantity of AES
dataas SEM-EDS data. Much longer collectiontimesare
needed for AESto achievethe samesignal-to-noiseratio as
can be achieved with SEM-EDS. Furthermore the AES
instrument used in thiswork was an x-ray photoel ectron
spectrometer outfitted with an electron gun. In thisinstru-
ment, the gun is placed at an angle from the sample, so the
images always showed heavy shading on oneside of thepar-
ticles. This made the automated identification of the parti-
cleslessreliable, so manual identification was used. Since
the data collection timefor the AESfieldswastypically on
the order of several hours, it was practical to select manual-
ly the analysis points at the beginning of the (usually
overnight) run without slowing down the data collection.

The angle of the el ectron beam al so meant that the sec-
ondary el ectronimage collected onthe AESinstrument was
deformed compared with the image collected on the SEM.
Asdetailed above, for atwo-dimensional samplethisdefor-
mation can be represented by a2x2 matrix transformation
matrix followed by anx andy offset. For aflat stubwith small
three-dimensiond particles, thistransformationisstill agood
approximation of the actual image deformation. However,
there may still be anoticeable differencein thetwo images
inareaswherelarge particlesprotrudeabovethesurface. In
practice, thisisnot a serious problem for respirable parti-
cles. When sdlecting identical reference pointsontheimages,
itisbest tousesmall particleswhichwill appear similar from
any orientation. If analysisisdesired of larger particles, which
arefrequently not in the respirable size range anyway, the
analysispoints can be manually correlated using the custom
softwareinterface.

One significant problem with our approach to multiple-
instrument particleanalysisisthat thedifferent instruments
will likely sample dlightly different spots on the particles.
Thethresholding process generates dightly different parti-
cle shapes and sizes on each instrument, thus the particle
center will be assigned to adlightly different point in each
instrument. Moreover, since the viewpoint of theimageis
from an anglein the AESinstrument, the perceived center
of the particleisnot thesameaswhenit isviewed from above,
asinthe SEM instrument.

The error introduced by these effectsis not judged to be
important for the small (<1 pum diameter) particles; for these
particlesthe analysis points appear to be very closefor the
two techniques. However, for large particles, especialy >5
pm in diameter, the analysis points may bein significantly
different positions, sometimesfar enough apart that the soft-
ware does not correlate them automatically. When such an
event occurs, they can becorrelated manually, but if the par-
ticleis sufficiently heterogeneous the points may be sam-

pling different environments on the particle. One possible
solution to this problemisto modify the SEM-EDSdatacol-
lection softwareto collect asmall grid of points, instead of
asingle point, for sufficiently large particles. Then, itis
hoped, at least one of these grid points would fall close
enough to AES analysis point to make avalid correlation
between the two measurements. (Naturally, the remaining
grid pointswoul d automatically be discarded whenthedata
arecorrelated.) Thisapproach hasnot beentried.

Although the studiesdetailed herehave used an SEM and
an AES/XPSinstrument, thetechniquesare broadly applic-
able to a variety of instruments. For example, Raman
microscopy could be combined with SEM-EDSusing these
methodsto provide correl ated chemical and elemental infor-
mation about particles, or elemental analysisof particlesin
tissue could be combined with confocal microscope fluo-
rescence data of the same particles. Becausethesetechniques
rely heavily on postprocessing of thedata, itisnot necessary
to combinethesetechniquesinasingleinstrument; existing
equipment can beused, evenif located at different facilities.
Moreover, the automated data collection capabilities of a
wide variety of instruments can be exploited.

Thetechnique presented hereisreferred to asbeing for
multiple instruments, but it isjust as applicable for mea-
surements made under two different conditionsor at two dif-
ferent timesin the sameinstrument. For example, amethod
has been devel oped to depth-profile surface-occluded silica
particlesusing SEM-EDS at two or more accel erating volt-
ages (Wallaceand Keane 1993). Although the measurements
at the various voltages can be made without removing the
samplefrom theinstrument, thereisgenerally ashiftinthe
image when the voltageis changed, so the same analysis
points cannot be reused. The postprocessing data correla-
tion method has been successfully used for two-voltage depth
profiling, with athroughput of up to 500 particlesin 24 h.

Conclusion

Correlated SEM-EDS and AES measurements of large
numbers of individual, respirable-sized particles are made
practical by the use of apostprocessing data correlation
method coupled with custom data collection software. The
data are collected under computer automation, allowing
unsupervised or overnight dataacquisition. Custom datacor-
relation and analysis softwareis used for quick correlation
and display of the resulting data. Any data point in the
processed datacan be easily traced back to theorigina mea-
surements. It iseven possibleto rel ocate the particle on the
planchettefor additional measurements, if so desired.
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