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Abstract

High resolution backscatter electron (BSE) imaging
of colloidal gold with field emission scanning electron
microscopy (FESEM) depends upon selection of acceler-
ating voltage, beam current, working distance between
specimen and backscatter detector, type of backscatter de-
tector, plus the nature and thickness of the metal coating
used to improve conductivity and signal collection.  BSE
imaging of a gold standard (6 nm, 12 nm, and 18 nm colloi-
dal gold) was investigated with in-lens FESEM using a yt-
trium-aluminum garnet (YAG) scintillator detector and with
below-the-lens FESEM using solid state and scintillator
detectors, with the former providing the best imaging.  Thin
metal coatings (<1 nm) of platinum did not interfere with
detection of the gold standard with in-lens FESEM so this
thickness of platinum was used to test the BSE imaging of
12 nm gold with either solid state or scintillator detectors
in below-the-lens FESEM.  Due to the thin metal coatings
used, a “charging” phenomenon was seen with secondary
electron imaging, but this was negligible with BSE  imaging
because of their higher energy level.  Highest BSE resolu-
tion was attained on the gold standard and biological sam-
ples with in-lens FESEM, but with below-lens FESEM, the
labeling of surface molecules with 12 nm immunogold was
successfully detected on coated cells at working distances
(WD) of 6-20 mm, although shorter WD provided better
quality images.
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Introduction

In the last decade, the development of field emission
scanning electron microscopes (FESEM) equipped with
high excitation immersion lenses (in-lens) has led to dra-
matic improvements in the resolution of surface topogra-
phy on biological samples, i.e.,on the order of 2-3 nm for
periodic structures in infinitely thin samples (Hermann and
Müller, 1991) and 4-6 nm on bulk samples (Erlandsen et
al., 1989, 1990a).  Improvements by Autrata (1992) in the
design of the yttrium aluminum garnet (YAG) scintillator
detector for backscatter electrons (BSE) has permitted the
use of low accelerating voltages of <5 kV on biological
samples which substantially reduces radiation damage to
the specimen (Pawley and Erlandsen, 1989; Pawley, 1992).
The Autrata modified YAG detector has also resulted in
improved detection of 5-10 nm colloidal gold labels at low
accelerating voltages, <5 kV (Autrata, 1992; Olmsted et
al., 1993; Erlandsen et al., 1995) and high resolution de-
tection of <1 nm gold at higher accelerating voltages of 20-
30 kV (Hermann et al., 1991; Erlandsen et al., 1990b).  The
improved BSE detection of colloidal gold labels and the
increased visualization of the surface topography of cellu-
lar surfaces by FESEM has greatly facilitated the analysis
of cell adhesion molecule distribution on cell surfaces in a
number of different cell systems (Hasslen et al., 1995; 1996;
Olmsted et al., 1993; von Andrian et al., 1995).  The devel-
opment of the improved YAG detector also has facilitated
the use of the double layer coating system for high resolu-
tion cryo-FESEM (Walther and Müller, 1997) and has been
used to examine the under-surface of resin embedded cells
(Richards and ap Gwynn, 1995).   Despite providing high
resolution of cellular surfaces, one major drawback to the
in-lens FESEM has been the limitation on sample size (5-
10 mm in X-Y, and ~1-2 mm in Z) due to limited space
available in the objective lens (focal length=~2 mm), par-
ticularly when a back-scatter electron detector must be fit-
ted in between the objective lens and the specimen.

The design of Schottky electron guns, decelerating
systems to obtain low voltage at the specimen, and new
“snorkel type” objective lenses has led to the development
of new below-the-lens FESEM in which  samples approach-
ing inches in diameter may be examined with working dis-
tances (WD) ranging from a few to 25-40 mm.  Initially
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designed in response to demands from the semiconductor
industry for the examination of silicon wafers, these new
below-the-lens FESEM will facilitate examination of large
biological samples such as tissues or animal organs and
botanical samples which could never have been accom-
plished with an in-lens FESEM.  Nonetheless, a major con-
cern about below-the-lens FESEM has been whether or not
high resolution BSE imaging can be accomplished.
Heinzmann et al. (1994) used a below-the-lens FESEM with
a YAG detector for BSE imaging and reported that 10 nm
immunogold particles (marker for epidermal growth factor
receptor) could be unambiguously detected at WD of 6-13
mm with accelerating voltages of 3-7 kV on the surfaces of
uncoated cells, but that coating the cells with about 1 nm of
platinum appeared to mask the BSE signal of the gold par-
ticle.  Others have also reported that platinum coating of
biological samples is not recommended when BSE imaging
is to be used to detect colloidal gold of <20 nm (De Harven
and Soligo, 1989; Hodges et al., 1987; Walther and Müller,
1988).

This paper compares the detection of colloidal gold
labels by BSE detection by both in-lens and below-the-lens
FESEM.  A colloidal gold standard (6 nm, 12 nm, and 18
nm) and samples of human leukocytes were labeled with
12 nm immunogold for surface molecules and were exam-
ined in A) an in-lens FESEM equipped with an Autrata
modified YAG scintillator detector, and B) four different
below-the-lens FESEM using both solid state and scintillator
type BSE detectors.  Thin platinum coating (about 1 nm),
rather than thicker coatings (5-10 nm) were found to give
excellent results by improving specimen conductivity to
permit BSE detection of the gold signal in all FESEM tested,
and this platinum coating did not interfere with BSE imaging
of gold at WD of 6-20 mm in these instruments.

Materials and Methods

Colloidal Gold Standard

A gold standard was prepared by mixing 6 nm, 12 nm,
and 18 nm colloidal gold (Jackson ImmunoResearch, Inc.,
West Grove, PA).  Glass specimen carriers (5 x 10 mm)
prepared from glass slides were treated with 0.1% poly-L-
lysine (Sigma Chemical Co., St. Louis, MO) for 1-2 min-
utes followed by rinsing with distilled water and air drying.
The colloidal gold was placed on the glass chips and al-
lowed to adhere for 1-3 minutes before rinsing with dis-
tilled water and air drying.  The colloidal gold standard
was coated by ion beam sputtering with approximately 1
nm of platinum and were examined by FESEM within one
week of preparation.

Biological Sample – Cells

Human leukocytes were indirectly immunogold labeled
(12 nm) with antibodies specific for the extracellular sur-
face marker CD43, using methods previously described

(Erlandsen et al., 1993; Hasslen et al.,  1995; Hasslen et
al., 1996).  Cells were mounted on poly-L-lysine treated
glass chips and postfixed in 1% osmium tetroxide for 15
minutes followed by dehydration in ethanol and critical point
drying with CO

2
.  Samples were ion beam coated with ap-

proximately 1 nm of platinum and were examined by
FESEM within one week of preparation.

Metal Coating

Most samples were coated with approximately 1 nm
of platinum by argon ion beam sputtering with a saddle field
ion beam gun (VCR Group, Inc., South San Francisco, CA).
Planar magnetron sputtering (Balzers MED 010 Device,
Liechtenstein) was used to produce platinum coatings of
approximally 2 nm, 5 nm, and 10 nm on colloidal gold stand-
ards with the coating thickness being measured by a quartz
crystal monitor.

In-lens FESEM

All images obtained by in-lens FESEM were acquired
with a Hitachi (Tokyo, Japan) S-900 FESEM equipped with
an Autrata modified YAG BSE detector with a central coni-
cal shaped bore of 1.4-1.5 mm. The threshold for 12 nm
colloidal gold in our in-lens FESEM is 1.7 kV; therefore, to
obtain a direct comparison under low voltage conditions of
the performance of in-lens and below-the-lens FESEM, an
accelerating voltage of 5 kV was selected.  Also, 5 kV was
selected because less radiation damage is produced under
low voltage conditions (Pawley, 1992), and it was antici-
pated that the sensitivity of other BSE detectors would be
somewhat less than that of the Autrata modified YAG BSE
detector.

Figure 1 (on facing page). High magnification backscatter
electron imaging of 6 nm, 12 nm, and 18 nm colloidal gold.
(A) Image acquired on Hitachi S-900 in-lens field emis-
sion SEM with an “Autrata modified” YAG backscatter elec-
tron detector.  Arrowheads indicate 6 nm colloidal gold
while single arrow shows 12 nm, and double arrow 18 nm
colloidal gold.  The background consists of a thin film of
poly-L-lysine coated with a discontinuous coating of plati-
num of ~1 nm thickness.  Bar equals 60 nm.  (B) Same
sample as in A, but imaged on a below-the-lens field emis-
sion SEM at 6 mm WD with a solid state detector.   All
three colloidal gold sizes seen in A are detected with the
solid state detector, but discrimination is less clear and some
“ghosting’ of image is seen in 6-12 o’clock axis.  Bar equals
120 nm.  (C)  Same sample as in A, but imaged on a below-
the-lens field emission SEM at 6 mm WD with a Centaurus
backscatter electron detector.  All three sizes of colloidal
gold are imaged with improved clarity over the solid state
detector, but with less resolution than that seen in A.
“Ghosting” of the gold is seen at an axis of 1-7 o’clock.
Bar equals 120 nm.
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Below-the-lens FESEM

Four different below-the-lens FESEM were tested with
the gold standard and biological cell sample including:  1)
Hitachi S-4700 FESEM (Nissei Sangyo America, Ltd.,
Sunnyvale, CA); 2) JEOL 6340F FESEM (JEOL USA,

Peabody, MA); 3) LEO 1500 FESEM (LEO Electron
Microscopy Inc., Thornwood, NY); and 4) Philips S XL30
FESEM (Philips Electronic Instruments Co., Chicago, IL).
All instruments were tested in applications laboratories and
company operators optimized performance of each micro-
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scope.  Backscatter electron detectors tested included solid
state detectors and a proprietary phosphorus scintillator
(Centaurus detector, K.E. Developments Ltd, Cambridge,
UK).

Results

The BSE examination of the colloidal gold standard
was carried out at the optimum WD for each FESEM.  For
the in-lens FESEM the WD was fixed at approximately 2
mm for the objective lens, but the distance to the YAG de-
tector is somewhat less since the detector is inserted into

the space between the specimen rod and the objective lens.
The shortest WD for below-the-lens FESEM was in the
order of 6 mm, but the exact distance between the speci-
men and the surface of the BSE detector was impossible to
determine accurately.  Therefore, using below-the-lens
FESEM, it was impossible to make direct comparisons be-
tween detectors under the conditions of testing, and images
shown here are meant to be representative for each detec-
tor. BSE imaging of the gold standard with the in-lens
FESEM provided the “standard” for comparison with BSE
imaging with below-the-lens FESEM, and for both types of
microscopes, images were collected at a primary magnifi-

Figure 2. High resolution backscatter electron image of colloidal gold standard (6 nm, 12 nm, and 18 nm) acquired with a
modified “Autrata” YAG detector in an Hitachi S-900 in-lens field emission SEM.  The effect of different thicknesses of
platinum coating on the detection of 6 nm (arrowhead), 12 nm (single arrow), and 18 nm (double arrows) colloidal gold can
be clearly seen.  (A) ~ 1 nm of platinum, saddle field gun ion beam sputtering; (B-D), samples were sputter coated at ambient
temperature with platinum in a Balzers MED 010 device at a thickness of ~2 nm (B), ~5 nm (C), and ~10 nm (D) as measured
by deposition on a crystal monitor.  Bar in A equals 120 nm for all panels.
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cation of 250000 X.  A high magnification in-lens FESEM
BSE image of 6, 12, and 18 nm colloidal gold is shown in
Figure 1A while below-the-lens BSE images with a solid
state detector and a Centaurus scintillator detector are seen
in Figures 1B and 1C, respectively.  As expected, the supe-
rior imaging capabilities of the in-lens FESEM together with
the use of the Autrata modified YAG BSE detector permit-
ted clear and distinct identification of the different sizes of
colloidal gold, and also provided a crisp image of the plati-
num coating in the background (Figure 1A).  In below-the-
lens FESEM both the solid state and the Centaurus
scintillator detector provided detection of the three differ-
ent sizes of colloidal gold, but the image quality was less
than that obtained with the YAG detector and in-lens
FESEM (compare Figures 1B and 1C with 1A) and back-
ground structure was almost lacking.   Some “ghosting” or
unidirectional halos of the BSE image of colloidal gold were
detected in below-the-lens FESEM with both the use of solid
state detector (Figure 1B; cold field gun - FESEM) and a
Centaurus detector (Figure 1C; Schottky gun - FESEM).

Application of different thicknesses of metal coating
to improve conductive properties of the sample (Figure 2A-
D) revealed that the quality of BSE imaging of small sizes

of colloidal gold using in-lens FESEM was inversely pro-
portional to the thickness of the platinum coating.  Ion beam
sputtering of platinum produced thin discontinuous coat-
ings of less than 1 nm, which did not interfere with detec-
tion and discrimination of 6-12 nm colloidal gold by in-
lens FESEM (Figure 2A) and similar results were obtained
with planar magnetron sputtering of ~2 nm platinum (Fig-
ure 2B).  Coating colloidal gold standard samples with ~5
nm of platinum obscured the detection of 6 nm gold and
when ~10 nm of platinum was used as a coating it was dif-
ficult to discriminate 12 and 18 nm gold even with the
Autrata modified YAG detector in the in-lens FESEM.  The
1 nm platinum coating achieved with ion beam sputtering
was used to coat biological samples and “charging” in BSE
imaging was greatly minimized since at an
acceleratingvoltage (V

0
) of 5 kV, the higher energy of the

BSE (~4 kV) negated any effect of the small electrostatic
fields present (Figure 3A).  However, due to the thousand-
fold lower energy level of secondary electrons (SE) (~5
eV), the same small electrostatic fields directly affected the
imaging by producing the “charging” phenonemon seen in
SE images of the same cell (Figure 3B).

To compare the BSE imaging of biological samples

Figure 3. Backscatter electron (A) and secondary electron (B) imaging of a human lymphocyte immunolabeled for CD43
with 12 nm gold and coated with ~1 nm of platinum by ion beam sputtering.  Excessive charging interferes with secondary
electron imaging (B), while no charging occurs in the backscatter electron image (A).  In the lattter, the 12 nm colloidal gold
marker for CD43 can be seen on the cell body of the lymphocyte.  Bar in A equals 2 nm.
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with in-lens and below-the-lens FESEM, a test sample was
chosen consisting of human leukocytes that were indirectly
immunogold labeled with 12 nm colloidal gold.  BSE im-
ages were taken at low magnifications (8000-15000 X) and
at a higher magnification (50000 X) that  would  permit
identification of the colloidal gold particle. Using in-lens
FESEM with a YAG BSE detector, it was possible to clearly
visualize the 12 nm colloidal immunogold particles at low
magnification (Figure 4A) and easily discern clusters of
colloidal gold particles at higher magnifications (Figures

Figure 4. Human lymphocyte immunogold labeled for
CD43 antigen and imaged with modified “Autrata” YAG
backscatter electron detector in Hitachi S-900 in-lens field
emission SEM. (A) At initial magnification of 15000 X,
single and clusters of 12 nm colloidal gold particles can be
identified on the surface of the leukocyte.  Bar equals 2
mm.  (B) At a magnification of 50000 X, clusters of
immunogold particles (seen as white spheres) can be easily
detected on the cell body.  Bar equals 100 nm.  (C) Image
acquired at 100000 X sharply defines clusters of gold par-
ticles permitting identification of single particles.  Bar equals
60 nm.

4B and 4C). Examination of similar immunogold labeled
leukocytes in below-the-lens FESEM was performed at
accelerating voltages of 3-5 kV and at different WD.  An
accelerating voltage of 5 kV was chosen for comparison of
microscopes to favor the greater collection of BSE and the
use of a smaller probe, but the use of 3 kV also produced
good quality BSE images of colloidal gold in each below-
the-lens FESEM tested, although the overall image quality
was not quite as sharp as that of the same image taken at 5
kV (compare Figures 5A and 5B).  Similarly, each below-
the-lens instrument had an optimal WD for BSE imaging
for each BSE detector, but despite this, the BSE imaging of
colloidal gold particles was seen to be excellent at 6-16
mm of WD in all instruments tested (Figures 6, 7, 8), al-
though a higher overall quality of imaging was obtained at
shorter WD. Colloidal gold on leukocyte surfaces was de-
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tected at 20 mm WD in one instrument (data not shown),
but this WD was not tested in every instrument.  On occa-
sion, BSE images taken at WD of >14 mm appeared to
have colloidal gold particles of slightly larger diameter than
those imaged at shorter WD, and it seemed as if magni-
fication might have varied as a result of substantial change
to longer WD (see Figures 7D and 8C).

Discussion

Optimal visual definition of the colloidal gold stand-
ard (6, 12, and 18 nm particles) was obtained with in-lens
FESEM using an Autrata modified YAG BSE detector.  This

is not unexpected since BSE imaging has been shown by
Joy (1991) to provide better resolution and higher contrast
of 10 nm colloidal gold than secondary electron imaging.
Also, the shorter focal length of the in-lens FESEM together
with its better correction for chromatic and spherical aber-
ration permit production of a smaller probe size than can
be obtained with below-the-lens FESEM.  Nonetheless,
using below-the-lens FESEM it was still possible to detect
the presence of the three sizes of colloidal gold, including
the detection of  6 nm gold although the image quality was
greatly reduced in comparison to in-lens FESEM (Figure
1A-C).  BSE imaging of colloidal gold coated with 1 nm of

Figure 5.  Effect of accelerating voltage on the backscatter
electron imaging (solid state detector) of colloidal
immunogold staining on a human leukocyte in a below-
the-lens field emission SEM at 6 mm WD.  By comparing
the same clusters of 12 nm colloidal gold particles seen at
the arrows in panels (A) and (B), the detection of the gold
particles in A at 3 kV can be seen to be less distinct than
the same particles seen at 5 kV in B. Bar equals 500 nm.

Figure 6.  Effect of WD on the backscatter electron imaging
(solid state detector) of colloidal immunogold staining on
a human leukocyte in a below-the-lens field emission SEM.
Short WD of 6 mm provided high resolution imaging of
gold clusters, but at increased WD of 16 mm there was a
small but perceptible loss in imaging quality.  Bar equals
500 nm.
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platinum was successfully accomplished with both in-lens
and below-the-lens FESEM, although thicker layers of 5-
10 nm obscured the BSE signal.  On biological samples
(immunogold labeled human leukocytes) the thin 1 nm plati-
num coating gave rise to increased signal (topographical

contrast) while providing sufficient conductivity to mini-
mize any “charging” effects on the higher energy BSE (80-
90% of V

o
).  However, charging was not eliminated as the

less energetic secondary electrons (~5 eV) were effected
by “charging” under conditions where BSE imaging was
unaffected.  Ideally the thin 1 nm platinum coating is com-
patible with high spatial resolution by BSE at low kV and
would not be expected to mask or obscure surface features,
such as would be expected with 5-10 nm or thicker coat-
ings of metal (Pawley, 1992).

A surprising finding was that all of the below-the-lens
FESEM tested were able to  produce excellent images of
12 nm colloidal gold on the surfaces of immunogold labeled
cell surfaces that had been coated with a thin 1 nm layer of
platinum.  Heinzmann et al. (1994) had reported that de-
tection of the epidermal growth factor receptor on A431
cells (human epidermoid carcinoma) using 10 nm
immunogold was best performed by using a combination
of secondary electron signals and BSE signals from uncoated
samples.  In their work, the surface topography of cell sur-
faces, consisting of numerous microvilli projecting from
the cell surface, was revealed by the secondary electron
signal while the BSE signal was used to identify gold parti-
cles by material or atomic number contrast, and in some
instances also to provide some information on topography.
These authors found that coating their biological samples
with a thin 1 or 4 nm coating of platinum obscured the de-
tection of 10 nm gold particles.  Our results with below-
the-lens FESEM clearly shows that both topographical and
atomic number contrast (detection of 12 nm gold) can be
easily accomplished at WD of 6-20 mm at an accelerating
voltage of 5 kV.  The surface topography of the A431 cells
studied by Heinzmann et al. (1994) and the leukocytes in
our study were not dissimilar as both possessed numerous
microvilli, and the discrepancies between our results and
those of Heinzmann can most likely be explained by a
culmination of other factors.  First, the Autrata YAG detec-
tor used by Heinzmann et al. (1994) with a below-the-lens
FESEM was designed for collection of BSE channeling

Figure 7 (at left).  Detection of 12 nm colloidal immunogold
particles in a below-the-lens field emission SEM using a
solid state backscatter electron detector.  The 12 nm gold
particles can be detected on the surface of a human leukocyte
at low magnification (initially 15000 X at 6 mm WD as
shown in (A) and are easily resolved at higher magnifica-
tion (50000 X) as seen in (B).  Arrowheads indicate
multimers of gold particles in B-D.  As the WD increases
to 10 mm in (C), the clarity of the gold particles seems to
change little, however, when the WD is changed to 14.9
mm in (D), the gold particles seem to vary in both dimen-
sion and edge sharpness.  A: bar equals 2 mm; B-D: bar
equals 500 nm.
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Figure 8. Detection of 12 nm colloidal immunogold parti-
cles on a human leukocyte in a below-the-lens field emis-
sion SEM using a Centaurus backscatter electron detector.
At low magnification at 6 mm WD, 12 nm gold particles
were seen on the cell surface as shown in (A), but are better
resolved at higher magnification (initially 50000 X) as seen
in (B).  In B-C, the arrowheads indicate multimers of same
gold particles and the asterisk the same cell surface projec-
tion.  Increasing the WD to 13 mm, the clarity of the gold
particles seems to change little, although a slight increase
in magnification occurred and particles appear somewhat
larger (C).  Bar equals 2 mm in A; B-C, bar equals 500 nm.

patterns, meaning that it possessed a central bore of >3 mm
which would reduce the collection efficiency of high take-
off angle BSE by up to 25%, particularly at shorter work-
ing distances.  Secondly, the thickness of platinum coating
is critical to the detection of gold particles (see Figure 2),
and it is possible that the platinum coating used in
Heinzmann’s work (method not described in paper) was
slightly thicker than reported, and thus, could have inter-
fered with the detection of the immunogold particles.
Thirdly, Heinzmann et al. (1994) used a JEOL 6300F be-
low-the-lens FESEM with a conventional objective lens,
whereas, the JEOL 6340F below-the-lens FESEM tested in
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this report had the new inverted objective lens design.  In
our hands, this latter instrument easily detected 12 nm
immunogold on the surface of leukocytes that had been
coated with a thin 1 nm layer of platinum.  All together,
these three factors (BSE collector efficiency, platinum thick-
ness, and objective lens design) may explain why
Heinzmann et al. (1994) were unable to visualize 10 nm
gold particles in thin platinum coated samples.

Due to differences in the design and location of the
BSE detectors in below-the-lens FESEM tested, it was not
possible to make direct comparisons with one another.
Careful examination of the detection of 12 nm immunogold
labeling on leukocytes in this study clearly demonstrates
that successful detection of immunogold was accomplished
with solid state and phosphor-based scintillator type
(Centaurus) BSE detectors.  The Centaurus BSE detector
appeared to produce slightly better images of the three sizes
of colloidal gold (6, 12, and 18 nm) at high magnification,
yet it should be pointed out that this conclusion is at best
tenuous since both types of detectors were not tested on the
same instrument, and other factors may be responsible for
the slight differences observed.  Both solid state and phos-
phor based scintillator detectors provided excellent BSE
images of 12 nm colloidal gold at magnifications used for
most biological work (<50000 X), yet if high resolution
BSE imaging was to be performed then the YAG scintillator
provided the greatest sensitivity, but at a two-fold higher
cost factor.

Chromatic aberration is a dominant factor in regulat-
ing the size and profile of the electron probe in low voltage
FESEM (Joy, 1987) and can explain two phenomena ob-
served in this investigation.  First, the presence of “ghosting”
or haloes of the colloidal gold seen with below-the-lens
FESEM might be explained by the higher level of chro-
matic aberration which could result in a wider skirt of elec-
trons when the electron beam is focused on the specimen.
The asymmetry of the probe produced by the wider skirt
could easily reduce the high resolution signal component
in the center of the probe, resulting in less contrast detail
and a noisier image, and also could likely produce the
“ghost” or halo of the gold particle in the direction of the
skirt asymmetry.   Secondly, chromatic aberration is also
known to produce an image where the size of the colloidal
gold is increased in size when acceleration voltage was re-
duced below 8 kV, a phenomenon referred to as “larger
than life” by Hermann and Müller (1991).  Joy (1987) has
shown that an electron probe in FESEM which is Gaussian
at 30 kV will possess a full-width half maximum of about 6
Å, but that a reduction in voltage to 3 kV can increase the
diameter of the probe by a factor of two, and more impor-
tantly will also change the intensity profile of the probe
(widening the skirt), thereby reducing image contrast and
worsening resolution.  Thus, reducing the accelerating volt-

age from 5 kV to 3 kV (Figure 5) or increasing the WD
from 6 mm to >13 mm (Figures 6, 7 and 8) will adversely
affect the diameter of the electron probe and worsen the
resolution of the image.

In conclusion, BSE detection in below-the-lens
FESEM of biological samples coated with a thin layer of
platinum (~1-2 nm) provided both excellent topographical
contrast of cellular surfaces and detection of 12 nm colloi-
dal gold by atomic number contrast.  All four below-the-
lens FESEM tested produced excellent BSE images of 12
nm gold with either solid state or scintillator type detectors
at routine magnifications up to 50000 X.  A comparison of
in-lens and below-the-lens FESEM demonstrated that high
resolution BSE imaging of immunogold particles (6, 12,
and 18 nm) was better accomplished with the former, while
the latter had the distinct advantage of variable WD (6-20
mm) which should facilitate the detection and analysis of
colloidal gold probes (>10 nm) by BSE imaging on large
biological samples.
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Discussion with Reviewers

G.M. Roomans: Among the below-the-lens instruments that
you tested, two have a cold field emission gun, and two
have a thermal, Schottky-type gun.  The former gun type is
supposed to provide better resolution (albeit at the cost of
some inconvenience).  However, you did not mention a dif-
ference in the performance of the four below-the-lens in-
struments.  Could you comment on this?
Authors:  Indeed, the in-lens cold field emission SEM pro-
vides better BSE resolution than any of the below-the-lens
FESEM instruments and this can clearly be seen by exami-
nation of BSE imaging of different sizes of colloidal gold
and background structure as shown in Figure 1.  There is
very little inconvenience of the in-lens FESEM, as com-
pared to the below-the-lens FESEM instruments, unless one
refers to either the restriction on sample size with best re-
sults being achieved with small samples, i.e., single cells or
suspensions, or perhaps the need to flash the cold field
emitter at the beginning of each day, but both of these are
minor points between these two instrument types.  Exami-
nation of human leukocytes labeled with 12 nm immunogold
revealed similar results in BSE imaging with all four be-
low-the-lens FESEM instruments, despite the fact that dif-
ferent BSE detectors were used on these instruments (mi-
nor differences occurred in imaging at long working distanc-
es, but was related to differences in BSE detectors).  The
comparison of BSE imaging was made on biological sam-
ples with photos of immunogold being taken at 50000 X,
the conditions in which we anticipated the greatest usage in
our laboratory, and although this parameter was not designed
to test for differences in resolution, we were pleasantly sur-
prised by the excellent performance of all instruments us-
ing this criteria.  Another factor prohibiting comparisons of
resolution was the inability to use the same BSE detector
on the all four of these FESEM instruments.
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R.G. Richards:  A slightly fairer comparison of below-
the-lens and in-lens FESEM instruments would be to use a
YAG detector in both cases.  Where there YAG detectors
available for the below-the-lens FESEM instruments?
Authors:  For several reasons including availability, it was
not possible to test YAG detectors for BSE imaging on all
four below-the-lens FESEMs.  In one case, the YAG detec-
tor was not installed due to damage during shipping and in
another case, it was not the appropriate YAG crystal size.
It would have been very desirable to make this comparison
with the same detector, but the expensive cost of the YAG
detector prohibited several manufacturers from having them
available.  We have purchased a YAG detector for our new
below-the-lens FESEM and will make the comparisons you
asked for with our in-lens FESEM, and we hope to report
on this in the next year.

R.G. Richards:  Did you look at uncoated specimens and
if so, what were the effects of charging on the SE and BSE
image?  Did you try carbon coating and did this increase or
decrease the signal of the gold with BSE imaging? What
were the effects of charging on the image?
Authors:  For BSE imaging, we did not look at uncoated
specimens because we find that a thin coating of platinum
(~1 nm) is optimum in our hands for minimizing the “charg-
ing” phenomenon due to small electrostatic fields in the
sample.  In Figure 3A and 3B, we demonstrated that BSE
imaging is relatively unaffected by small electrical fields
while SE imaging is grossly distorted, and this is due to the
difference in energy for BSE (~4 kV) and SE (~5 eV).  Also,
we have not tried carbon coating for the reason stated above.

R.G. Richards:  In your comparison of different coating
thickness you used ion beam sputtering for 1 nm and planar
magnetron sputtering for the thicker coatings.  What were
thicker coatings like with the ion beam sputtering and was
it possible to coat 1 nm with the planar magnetron?  Vacuum
pumping times, the type of pump, the amount of cooling of
the head, and of cold trap cooling with liquid nitrogen fin-
gers all play a part in the quality of the coating.  Were these
optimized?
Authors:  We did not try thicker coatings with the ion beam
because the deposit ion rate with our machine requires 6-7
minutes to obtain an approximately 1 nm coating, and while
we have empirically determined the time required for this
thickness, we do not have a quartz crystal monitor to gauge
thicker coatings.  Instead, for thicker coatings we used pla-
nar magnetron sputtering to make 2, 5, and 10 nm thick Pt
coatings as determined by a quartz crystal monitor.  The
Ion Beam Coating was carried out in a Denton (Moorestown,
NJ) Evaporator with a 5” oil diffusion pump (Santovac 5
oil [polymethyl ether to minimize backstreaming], Electron
Microscopy Science, Fort Washington, PA) whereas the
Balzers (Liechtenstein) MED device uses a turbo pump for
vacuum production.  Pt coating was carried out at ambient
temperature in both systems.  In both cases, the procedures
for coating was optimized.  Examination of Figure 2 clearly
shows the difference between ion beam sputtering and pla-
nar magnetron sputtering as imaged by an in-lens FESEM.


