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Summary: A method has been developed to characterize
large populations of individual respirable particles. With the
use of custom data collection and data correlation comput-
er software, the same set of particles can be analyzed in mul-
tiple instruments. The method is demonstrated by the analy-
sis of a sample of hard-metal particles. A series of 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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Introduction

Workplace exposure to respirable particles is known to be
a serious occupational hazard in many industries. Unfortu-
nately, the chemical and physical characterization of these
particles is notoriously difficult (Jambers et al. 1995, Van
Grieken and Xhoffer 1992). Many of the most commonly
used analysis methods, such as infrared spectroscopy or x-
ray diffraction, only provide bulk properties of the sample.
While this may be sufficient for homogeneous exposures,
for heterogeneous exposures, or when looking for trace con-
taminants in homogeneous samples, particle-by-particle
analysis is often needed for the separate characterization of
the individual contributions which make up the total expo-
sure (Cornille et 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 (Wallace et al. 1990) or they may be aggregates of small-
er particles—so that an entire vector of data may be needed
for each particle to characterize the exposure fully.

Unfortunately, the small size of respirable particles severe-
ly limits the analytical techniques available for particle-by-

particle analysis. Ideally, such a technique should provide
both morphologic and compositional information about each
particle with submicrometer resolution; and in many cases,
the technique must be able to provide this information for
hundreds or thousands of particles per sample to satisfy the
statistical demands of a study.

The scanning electron microscope equipped with an ener-
gy dispersive spectrometer (SEM-EDS) has become a work-
horse in the area of respirable particulate identification 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
EDS provides a powerful tool for elemental analysis of small
particles. In addition, modern SEM systems often provide
the ability to perform automated analysis of multiple fields
of particles, making it practical to analyze hundreds or thou-
sands of particles per sample.

In the SEM-EDS technique, the analysis volume typical-
ly extends some tens of micrometers into the sample. For
particles in the micrometer size range, this means that the
analysis volume extends all the way through the particle. In
contrast, the analysis volume in Auger electron spectroscopy
(AES) is normally on the order of only a few atomic layers
deep. Therefore, AES is often used as a complementary tech-
nique to SEM-EDS. The electron beam in most AES sys-
tems can be scanned across the sample, providing imaging
capabilities similar to an SEM. Thus, a combination of SEM-
EDS and AES measurements provides elemental informa-
tion of both the entire particle, as well as surface specific
information.

Scanning electron micrscopy-energy dispersive spec-
troscopy has often been used in conjunction with AES and
other surface analysis techniques for analysis of particulate
samples (Childs et al. 1996, Grekula et al. 1986, Michaud
et al. 1996). Attempts to use these two techniques together
in an integrated 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 measurements using both techniques
are often performed on particulate samples, the identities of
the specific particles usually are lost as the samples are moved
from one instrument to another. Uritsky et al. (1997) describe
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sample was cleaned with a brief (60 s) Ar ion sputter prior
to analysis to remove residue from the solvent. Secondary
electron images and Auger spectra were collected using an
electron accelerating voltage of 3 keV and an image magni-
fication of 700×. To achieve maximum electron flux to the
sample, 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 sample was ~10 nA. Sur-
vey spectra were taken of each particle at a 1 eV resolution,
20 ms per point, with 20 sweeps averaged to produce each
spectrum. The electron energy analyzer was operated in fixed
retard ratio mode with ∆E/E = 0.6%. The AES peak heights
were determined after subtracting a cubic background fitted
to the baseline on either side of the peak and then converted
to equivalent peak-to-peak values 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 JSM-6400
microscope with a Princeton Gamma Tech model
OPJ0411243 detector equipped with an Omega ultra-thin
window. X-ray spectra were collected at 20 kV accelerating
voltage. The secondary electron image of each field of par-
ticles was collected at 700× magnification. X-ray spectra
were collected for each particle in the field for 30 s (live time)
per analysis point, with a detector dead time of ~25%. Elec-
tron beam current was ~500 pA.

New Method

Current commercial SEM software and hardware allow
for easy imaging of multiple fields of particles, with the sub-
sequent analysis of each particle from x-ray spectra acquired
by EDS. The difficulty comes in attempting to analyze the
same particles in different instruments. For this study, the
hard-metal samples were to be analyzed by EDS to deter-
mine the total composition of each particle, and then the same
particles were to be analyzed in an AES spectrometer to
determine the surface composition. It was desirable to be
able to analyze a large 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 particles is two-fold. First, the orig-
inal field of particles must be found on the planchette; sec-
ond, the identical particles analyzed in this field 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 wishes to collect images under the two condi-
tions so that the images can be compared (or published) side
by side, a third 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 a different coordi-
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the use of a commercial laser-based particle mapping sys-
tem to re-find small particles for analysis by both SEM-EDS
and AES. However, in their studies AES measurements were
only performed on a small 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, a method has been devel-
oped to analyze large numbers of particles using both SEM-
EDS and AES, preserving the particle identities in the
process. In many cases, this method can be applied to exist-
ing equipment without hardware modification. A combina-
tion of custom and commercial data collection software has
been used for automated particle analysis, followed by a
postprocessing phase which correlates the acquired data and
removes false-positive analysis points. This method is gen-
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 a respirable dust sample consist-
ing of overspray from a hard-metal detonation gun is demon-
strated. A few micrograms of this sample were suspended
in isopropyl 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 a razor blade. The X
marks served as registration points used in setting the coor-
dinate system for the sample (vide infra). The lone index
mark was used to establish unambiguously the orientation
of the registration marks (Fig. 1).

The AES measurements were made on a Physical Elec-
tronics 5700 Multitechnique system equipped with a mod-
el 10-210 electron gun, an Omni Focus V lens, a model 10-
360 spherical capacitor analyzer, a multiple channel detector,
and PC-Access data collection software (version 6.0F). The

FIG. 1 Schematic diagram of a carbon planchette as viewed in two
different instruments. Registration marks (Xs) have been added with
a razor blade. By using the coordinates of the registration marks, a trans-
formation can be found to convert the coordinates on the left to those
on the right.
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nate space. For example, the stage coordinates of the fields
on the planchette, when measured in the first instrument,
must be transformed to a new set of coordinates when the
sample is put into the second instrument so that the fields
can be relocated. Since the sample may be rotated or shift-
ed when moved from one stage to another, and the scales of
the two stages may not be identical, it is easiest to transform
the coordinates using a 2×2 transformation matrix followed
by a translation vector.

Once the field has be found and imaged a second 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, the images can be
overlaid to locate identical particles or for other compar-
isons. Once again, if the imaging is linear and the samples
are sufficiently flat, the image from one instrument can be
converted to the coordinate system of the image from the
second instrument by a 2×2 matrix transformation followed
by a translation vector.

In the method detailed here, the first transformation was
determined with the aid of four small Xs which were
scratched into the sample planchette with a razor blade. Dur-
ing the analysis in the AES system, the stage coordinates
necessary to bring the center of each X into the center of the
field of view were recorded, along with the stage coordinates
of each analysis field. Then, when the sample was moved to
the SEM, the new stage coordinates of the four registration
Xs were determined and the transformation parameters were
calculated using a least-squares fit. These parameters were
then used to predict the SEM stage locations of the analysis
fields (Fig. 1).

Once a field was relocated, analysis points within each
field were determined separately for each instrument based
on the newly collected images. For the SEM measurements,
a binary threshholding algorithm was applied to the sec-
ondary electron image and the binary features were assumed
to be particles to be analyzed. Analysis points were select-
ed manually in the AES instrument because shadowing prob-
lems in the secondary image made threshholding difficult.

Since the particle identification processes are performed
independently in each of the two instruments, it is still nec-
essary to identify the analysis points which correspond to
identical particles between runs. The approach chosen here
was to write additional software which guides the user
through the task of aligning the images (and therefore the
analysis points) to one another. The user selects several points
on the screen which are common between the two images.
A least-squares fit then determines the best transformation
parameters to map the identical points to one another. Once
this mapping has been accomplished, the software searches
for analysis points from different runs which lie within a pro-
scribed distance to one another. All measurements which
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can be so correlated are saved to a spreadsheet file, and the
uncorrelated points which remain are discarded. Since the
entire correlation process can be performed in less than a
minute per field of particles, the technique is appropriate for
very large numbers of measurements. Furthermore, suffi-
cient data are archived to allow backtracing of any data point
all the way back to finding the original particle on the
planchette.

The parameters used to transform the particle coordinates
can also be used to transform the images as well. This allows
the images to be presented on the same scale and orientation
for easy comparison or for publication. Software was writ-
ten in Perl 5.003 to transform an image using the transfor-
mation parameters calculated from the least-squares proce-
dure.

Custom computer software was written to save all of the
data necessary to recreate the field positions and the analy-
sis points in 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
microscope to move the sample stage to a new field, collect
a secondary electron image of the new field, and then ana-
lyze each of the particles in the field with EDS. For each field,
the software saves the coordinates of the field on the stub,
the secondary electron image, the position of each analysis
point within the field, morphologic information about each
particle, and the x-ray spectrum for each particle.

Additional custom software was written to serve as a front
end program to the PC-Access software. A front end inter-
face was needed to provide data archiving and image analy-
sis for each analysis field and to overcome some limitations
of the commercial software (most notably, a limit of 20 analy-
sis points per sample run). Using the front-end software, an
image is collected and data points are selected either manu-
ally or as the result of an image analysis algorithm. The data
points are then collected in batches of 20 or fewer. Coordi-
nate data are saved so that the analysis points can be super-
imposed on image at a later date. The sample stage is then
adjusted manually to move to the next field of particles.

Results and Discussion

Four fields of particles were analyzed by both AES and
SEM-EDS to simulate the analysis of a real-world sample.
During the AES data collection, 266 analysis points were
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 same fields were
analyzed in the SEM, the automatic threshholding routine
identified somewhat more points (521) for further analysis.
However, due to the faster collection time in the SEM, all
four fields were analyzed in a single 6 h run. The resulting
data files were fed through the correlation software where
252 correlated pairs were identified. Although 95% of the
AES particles found matches in the SEM-EDS data, only
48% of the SEM particles found AES matches. This is due,
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in large part, to the fact that SEM fields were larger than those
on the AES; approximately 30% of the particles analyzed
by SEM-EDS were outside the boundaries of the fields col-
lected in the AES instrument. In addition, the image resolu-
tion was better in the SEM, so some of the smallest particles
were missed in the images from the AES instrument.

The processing of a single field of measurements is illus-
trated in Figures 2–5. Figure 2a and b shows the original
images as collected in each instrument. In Figure 3a and b,
the data files from the data collection software have been
used to recreate the data collection process. The correlation
program has been used to display the images and label each
analysis point. The X marks are locations selected by the

user indicating identical spots on each image. The software
then uses the X marks to determine the transformation para-
meters necessary to map one image into another. In Figure
4, these transformations have been applied to the AES image
to deform it into the same coordinate space as the SEM image
(compare Fig. 4 with Fig. 2b). The data correlation software
also transforms the coordinates of the AES analysis points
by the same method and overlays the transformed points on
top of the SEM points for correlation, as shown in Figure 5.

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

FIG. 2 Secondary electron images of a typical field of hard-metal par-
ticles. (a) Image from AES instrument; horizontal field width = 140
µm. (b) Image from SEM instrument; horizontal field width = 165 µm.

FIG. 3 Points analyzed using (a) AES and (b) SEM-EDS, as displayed
by the data correlation software. Circles are AES analysis locations,
and squares are SEM-EDS analysis locations. The user has selected
four locations on each image which correspond to identical points (xs).

(a)

(b)

(a)

(b)



(<1000 counts) for the three primary elements were left out
of the diagram. Based on these data, the particles were then
(somewhat arbitrarily) classified into four categories accord-
ing to SEM-EDS composition. These categories are labeled
in Figure 7a as (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
the surface (AES) data for categories b through e (as labeled
in Fig. 7a), respectively. For example, Figure 7b displays the
surface compositions of the particles determined to be high
in tungsten (category b in Fig. 7a) from the SEM-EDS data.

From the correlated data, the following conclusions can
be drawn: (1) Particles with bulk cobalt concentrations also
show surface cobalt (Fig. 7c and d); (2) particles with bulk
chromium concentrations also show surface chromium (Fig.
7e); (3) some particles which look like pure tungsten in the
bulk analysis look like pure tungsten in the surface analysis,
but others show significant amounts of cobalt and chromi-
um (Fig. 7b). Thus it appears that some of the particles are
tungsten with a thin coating of cobalt or chromium on the
surface.

In the results presented here, it was relatively easy to iden-
tify the particles because the large differences in density
between the hard-metal sample particles and the carbon sub-
strate produce high contrast SEM images. Moreover, the
particles were 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-
ticle identifications may be much greater. Obviously, if a
reliable analysis method is desired, particle identification
criteria which consistently identify the same particles are
desired.

The above problem is not as serious as it might appear ini-
tially. It is generally advisable to set the particle identifica-
tion parameters on the generous side so that there are false-
positive identifications rather than false negatives. Since the
human eye is generally more reliable than computer algo-
rithms at identifying particles in an image, the interactive
data correlation software is designed to allow the user to
override quickly the false-positive identifications with a
mouse click. Although the same effect could be achieved by
requiring a human operator to be present to identify the par-
ticles during the data collection step, it is much faster and
more efficient to collect some number of false-positive points
and then remove them during the postprocessing phase.

Furthermore, it is frequently unnecessary to remove the
false-positive points at all. Since the particle identification
processes are performed on images collected under differ-
ent conditions, the false-positive points are rarely the same
on each image. Therefore, the act of correlating the mea-
surements often removes many or all of the false-positive
points. In test runs using lower density mineral particles
(which produce lower contrast images), it was found that
most of the false-positive measurements were due to sub-
strate texture and imperfections. Since these imperfections
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sten particles with similar compositions when probed with
SEM-EDS, the Auger spectra reveal that particle C has con-
siderably more chromium and cobalt on the surface than par-
ticle B. Particle A has cobalt both on the surface and through-
out the particle.

One strength of making correlated measurements is the
ability to identify properties of particles in various subpop-
ulations of a sample. For example, the particles analyzed for
the current study are plotted in Figure 7a according to their
estimated concentrations of tungsten, cobalt, and chromium
(the predominate metals found for this sample) as determined
by SEM-EDS. Because of the difficulties associated with
quantitative analysis of small particles, only approximate
elemental concentrations were calculated using a standard-
less k-ratio method. Particles with low SEM-EDS signals

FIG. 4 The AES image from Figure 2a after transformation into the
coordinate space of Figure 2b. The transformation parameters were
determined by the software using the xs in Figure 3.

FIG. 5 The AES analysis points from 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.



J.W. Stephens et al.: Correlating AES with SEM-EDS for analysis of respirable particles 307

FIG. 6 Sample spectra for three particles. (a) Expanded view of the bottom center portion of  Figure 2b; (b) SEM-EDS and AES spectra for the
three labeled particles.
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FIG. 7 Ternary diagrams of particle compositions. (a) All particles,
as analyzed using SEM-EDS. The remaining ternary diagrams show
classes of particles from Figure 7a as analyzed by AES: (b) High tung-
sten particles; (c) tungsten particles with small amounts of cobalt; (d)
tungsten particles with greater amounts of cobalt; (e) tungsten parti-
cles with chromium, iron, or nickel. Negative values are possible due
to the baseline subtraction methods used.

(a) (b)

(c)

(e)

(d)



varied in appearance in the two instruments, the false posi-
tives generally did not find a mate when the data were cor-
related. This also highlights the importance of setting the
particle identification parameters too generously; a lone false-
positive point will often be removed when the data are cor-
related, but a missed point (false-negative) will result in the
entire particle being dropped from the data set.

It proved to be difficult to collect the same quantity of AES
data as SEM-EDS data. Much longer collection times are
needed for AES to achieve the same signal-to-noise ratio as
can be achieved with SEM-EDS. Furthermore the AES
instrument used in this work was an x-ray photoelectron
spectrometer outfitted with an electron gun. In this instru-
ment, the gun is placed at an angle from the sample, so the
images always showed heavy shading on one side of the par-
ticles. This made the automated identification of the parti-
cles less reliable, so manual identification was used. Since
the data collection time for the AES fields was typically 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 electron beam also meant that the sec-
ondary electron image collected on the AES instrument was
deformed compared with the image collected on the SEM.
As detailed above, for a two-dimensional sample this defor-
mation can be represented by a 2×2 matrix transformation
matrix followed by an x and y offset. For a flat stub with small
three-dimensional particles, this transformation is still a good
approximation of the actual image deformation. However,
there may still be a noticeable difference in the two images
in areas where large particles protrude above the surface. In
practice, this is not a serious problem for respirable parti-
cles. When selecting identical reference points on the images,
it is best to use small particles which will appear similar from
any orientation. If analysis is desired of larger particles, which
are frequently not in the respirable size range anyway, the
analysis points can be manually correlated using the custom
software interface.

One significant problem with our approach to multiple-
instrument particle analysis is that the different instruments
will likely sample slightly different spots on the particles.
The thresholding process generates slightly different parti-
cle shapes and sizes on each instrument, thus the particle
center will be assigned to a slightly different point in each
instrument. Moreover, since the viewpoint of the image is
from an angle in the AES instrument, the perceived center
of the particle is not the same as when it is viewed from above,
as in the SEM instrument.

The error introduced by these effects is not judged to be
important for the small (<1 µm diameter) particles; for these
particles the analysis points appear to be very close for the
two techniques. However, for large particles, especially >5
µm in diameter, the analysis points may be in significantly
different positions, sometimes far enough apart that the soft-
ware does not correlate them automatically. When such an
event occurs, they can be correlated manually, but if the par-
ticle is sufficiently heterogeneous the points may be sam-

pling different environments on the particle. One possible
solution to this problem is to modify the SEM-EDS data col-
lection software to collect a small grid of points, instead of
a single point, for sufficiently large particles. Then, it is
hoped, at least one of these grid points would fall close
enough to AES analysis point to make a valid correlation
between the two measurements. (Naturally, the remaining
grid points would automatically be discarded when the data
are correlated.) This approach has not been tried.

Although the studies detailed here have used an SEM and
an AES/XPS instrument, the techniques are broadly applic-
able to a variety of instruments. For example, Raman
microscopy could be combined with SEM-EDS using these
methods to provide correlated chemical and elemental infor-
mation about particles, or elemental analysis of particles in
tissue could be combined with confocal microscope fluo-
rescence data of the same particles. Because these techniques
rely heavily on postprocessing of the data, it is not necessary
to combine these techniques in a single instrument; existing
equipment can be used, even if located at different facilities.
Moreover, the automated data collection capabilities of a
wide variety of instruments can be exploited.

The technique presented here is referred to as being for
multiple instruments, but it is just as applicable for mea-
surements made under two different conditions or at two dif-
ferent times in the same instrument. For example, a method
has been developed to depth-profile surface-occluded silica
particles using SEM-EDS at two or more accelerating volt-
ages (Wallace and Keane 1993). Although the measurements
at the various voltages can be made without removing the
sample from the instrument, there is generally a shift in the
image when the voltage is 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 a throughput of up to 500 particles in 24 h.

Conclusion

Correlated SEM-EDS and AES measurements of large
numbers of individual, respirable-sized particles are made
practical by the use of a postprocessing data correlation
method coupled with custom data collection software. The
data are collected under computer automation, allowing
unsupervised or overnight data acquisition. Custom data cor-
relation and analysis software is used for quick correlation
and display of the resulting data. Any data point in the
processed data can be easily traced back to the original mea-
surements. It is even possible to relocate the particle on the
planchette for additional measurements, if so desired. 
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