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This contribution demonstrates experimentally how a series of annular dark-field transmission images collected
in a scanning electron microscope (SEM) with a basic solid-state detector can be used to quantify electron
scattering distributions (i.e., diffraction patterns). The technique is demonstrated at different primary electron
energies with a polycrystalline aluminum sample and two amorphous samples comprising vastly different mass-
thicknesses. Contrast reversal is demonstrated in both amorphous samples, suggesting that intuitive image
contrast interpretation is not always straightforward even for ultrathin, low atomic number samples. We briefly
address how the scattering distributions obtained here can be used as an aid to interpret contrast in annular dark-
field images, and how to set up imaging conditions to obtain intuitively interpretable contrast from samples with

regions of significantly different thickness.

1. Introduction

Scanning electron microscopes (SEMs) are ubiquitous in materials
analysis labs because the focused electron probe can provide useful
information about diverse samples on different length scales. Detectors
designed to collect many signals (e.g., secondary electrons, back-
scattered electrons, X-rays, photons, etc.) are widely available and
sufficiently well-developed that non-specialists can quickly obtain
meaningful information. Transmission electron detectors are also
widely available for imaging electron-transparent samples. Although
advances have been made to better utilize the transmitted electron
signal quantitatively [1-3], part of the reason it has not been more
diligently pursued is that samples must be extremely thin. Otherwise,
plural- and multiple-scattering can make contrast in transmission
images challenging to interpret [4-8].

In conventional scanning transmission electron microscopy (STEM)
and conventional transmission electron microscopy (TEM), it is cus-
tomary to collect an image and one or more diffraction patterns to be
used as an aid to understand image contrast, to set up different imaging
modes, and to obtain quantitative information about the sample [9].
One of the challenges with interpreting STEM-in-SEM image contrast is
that detectors capable of collecting on-axis transmission diffraction
patterns are not widely available. To that end, this contribution

addresses two needs of the STEM-in-SEM community. First, it demon-
strates experimentally in an SEM how a series of images collected with
a basic solid-state diode detector can be used to quantify electron
scattering distributions (i.e., diffraction patterns) of amorphous and
polycrystalline samples. Second, because annular dark-field (ADF)
image contrast is strongly affected by beam energy, detector geometry,
and specimen thickness [6,10-12], we consider two amorphous sam-
ples at different imaging conditions, and briefly describe caveats in-
volved with interpreting STEM-in-SEM ADF image contrast. We show
that ADF contrast reversal can happen even for ultrathin, low atomic
number samples, and address how to set up imaging conditions to ob-
tain intuitively interpretable contrast from samples with regions of
vastly different mass-thickness.

2. Experimental

A Zeiss Auriga SEM' was used at 5 keV to deposit amorphous pads
of different thickness and composition on ultrathin carbon support films
(Ted Pella, Prod. No. 01824). Two different precursors were used:
C10Hg (phenanthrene) was used to deposit ultrathin carbon pads, and
CoH; 6Pt (methylcyclopentadienyl(trimethyl)platinum-IV) was used to
deposit thicker pads. Although the pads deposited from CoH,¢Pt are a
mixture of hydrogen, carbon, and platinum, they will be referred to
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hereafter as platinum pads. Pad thicknesses were controlled by in-
creasing the number of times the electron beam was scanned over each
pad. For example, the beam was scanned once over the area corre-
sponding to pad 1, twice over pad 2, three times over pad 3, and so on,
up to nine times over pad 9 for the carbon sample. For the platinum
sample pads, a uniformly thin platinum substrate was first deposited
(40 scans) on the ultrathin carbon support film, and nine discrete pla-
tinum pads were then deposited on top of the platinum substrate. Pla-
tinum pad 1 was scanned 25 times, pad 2 was scanned 50 times, pad 3
was scanned 75 times, and so on, up to 225 scans for pad 9. The carbon
and platinum pads were deposited near pre-existing holes in the ul-
trathin carbon film so that STEM detector gain settings could be ad-
justed to obtain non-zero, quantifiable background vacuum intensities.
Using identical deposition settings, carbon and platinum pads were also
deposited on a flat piece of Si wafer, and an atomic force microscope
(AFM) was used to measure the pad thicknesses. A polycrystalline
aluminum sample (Ted Pella, Prod. No. 619, thickness 30 nm) was
used without modification.

Samples were imaged in ADF transmission mode using a Zeiss LEO
1525 SEM and a KE Developments STEM detector equipped with a
modular aperture system [8]. Fig. 1a shows a schematic of the experi-
mental setup with parameters including camera length, CL, inner and
outer aperture radii, R; and R,, inner and outer STEM detector accep-
tance angles, f; and f3,, the midpoint of the inner and outer detector
acceptance angles, B4, and the beam convergence angle, a. A mask
with an annular aperture having R; = 0.205 mm and R, = 0.214 mm
(Fig. 1b, inset image) was placed over one of the STEM detector diodes,
and the aperture was centered on the optic axis using the STEM detector
Xxyz-positioning stage. Camera length was determined as follows: With
the sample removed from the field of view, the working distance of a
well-focused image of the top of the STEM detector mask was estab-
lished. The sample was then brought into the field of view and posi-
tioned immediately above the mask. A well-focused image of the
sample was recorded, and both the working distance and the sample
stage z-position were noted. The difference in working distances be-
tween the two images provided an initial value for the camera length,
and all successive camera length changes were implemented by moving
the sample stage in the z-direction. The sample stage z-position in-
dicated by the SEM software is adequate to illustrate the technique
outlined here without calibration, but it can be calibrated using a
traceable standard. The working distance of successive images could
also be used to determine camera length, but those values will depend
on the ability of the user to consistently establish well-focused images
and cannot be easily calibrated.

Fig. 1b summarizes the acceptance angle range and span
(span = dB = B, - By as a function of CL for the annular aperture. For
example, when CL = 3.6 mm, f; = 57 mrad and 8, = 59 mrad. Note
that df decreases with increasing CL, meaning that intensity distribu-
tions as measured here are effectively skewed to greater angles because
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the signal is collected over a wider span when the sample is closer to the
detector. Also, because focus is kept at the sample as the CL is changed,
a becomes more convergent as the sample approaches the pole piece
(Fig. 1b, pink curve). Although a only changes by a few mrad over the
experimental conditions used here, this observation is important for
rigorous quantitative analyses because the scattering pattern will
broaden as a increases. A 20 um diameter primary electron beam lim-
iting aperture was used for imaging the aluminum and platinum pads; a
30 um aperture was used for the carbon pads. With these apertures,
beam convergence angle ranges calculated based on a factory-supplied
equation were approximately 1.6 mrad < a < 2.2 mrad for the alu-
minum sample, 1.6 mrad < a < 3.8 mrad for the platinum sample, and
2.9 mrad < a < 8.4 mrad for the carbon sample. These calculated
ranges match well with experimental measurements on the same SEM
[13]. Samples were positioned between the pole piece and the STEM
detector using a cantilever style holder attached to the SEM sample
positioning stage [8].

For each of the three samples, the STEM detector amplifier dc offset
was adjusted to obtain quantifiable background vacuum image in-
tensities at the through-holes in the ultrathin carbon substrate (i.e.,
minimum grey level greater than zero), and the gain was adjusted to
keep the sample signal from saturating the detector (i.e., maximum grey
level less than 255). With the STEM detector held stationary and am-
plifier settings held constant, each sample was stepped from a short CL
(i.e., with the sample positioned near the masked detector) towards the
pole piece in small increments. For example, the step increment was
0.1 mm for the aluminum sample. At each step, an 8-bit ADF STEM
image was recorded. Three image sets of the carbon sample (i.e., at
10 keV, 20 keV, and 30 keV), one of the platinum sample (30 keV), and
one of the aluminum sample (30 keV) were recorded this way. In each
image, the average sample intensity (I,,g) and its standard deviation
(SD), and the background vacuum intensity (Ipkga) Were measured
within specified regions (i.e., within the dashed rectangles shown in
Fig. 2) using ImageJ software. Intensity measurements from each image
set were combined into intensity distributions as a function of fBiiq
(Fig. 3a).

3. Results

Fig. 2 shows two cropped, but otherwise unmodified ADF trans-
mission images of the aluminum sample. The image collected at f,;q =
48.1 mrad (Fig. 2a) shows widespread speckle suggestive of poly-
crystallinity with I,,; = 54.5, and the image collected at ;g = 65.3
mrad (Fig. 2b) shows minimal speckle with I,,, = 37.5. Fig. 3a shows
the average intensity, the standard deviation, and the background va-
cuum intensity distributions measured from the entire aluminum image
set. Points included on the standard deviation curve indicate f,iq for
the sampling/imaging interval (i.e., one image was collected at each
point). Both distributions exhibit distinct peaks that align closely with

Fig. 1. (a) A schematic of the relationship between

camera length, CL, and effective STEM detector ac-
ceptance half-angles, 8, for an annular aperture with
inner and outer radii, R; and R,. The beam con-
vergence angle is a. (b) STEM detector acceptance
half-angles and span dB = f, - B calculated as a
function of CL for the aperture shown in the inset
image. The region between the black lines en-
compasses the acceptance angles for an aperture
with R; = 0.205 mm and R, = 0.214 mm. The red
line indicates Bn;q, the midpoint between f3; and f,.
The beam convergence angle, a, is shown in pink for
the 20 ym diameter primary electron beam aperture
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through-hole, I, = 9.9

Bragg reflections calculated for aluminum at 30 keV. For example, the
peaks near 29 mrad and 48 mrad can be tentatively associated with
(111) and (220) reflections, respectively.

Because the acceptance angle span dff increases with decreasing CL
(Fig. 1b), the raw intensity distributions are effectively skewed towards
greater scattering angles [14]. To account for the variation in df and for
the non-zero background vacuum intensity, in each image the measured
background vacuum intensity was subtracted from the corresponding
sample intensity measurement and the difference was divided by df
specific to that image. The result for the aluminum sample is shown in
Fig. 3b along with the standard deviation divided by df. After proces-
sing, an exponentially decreasing background can be observed in the
aluminum intensity distribution.

Average thicknesses of the carbon and platinum pads measured by
AFM are summarized in Fig. 4. Both samples exhibited a linear re-
lationship between pad thickness and deposition conditions. The
average thickness was 1.0 nm + 0.1 nm for carbon pad 1, and
9.2 nm * 0.2 nm for carbon pad 9. The platinum substrate was
35.5 nm + 1.0 nm thick, and the average thickness of platinum pads 1
and 9, measured from the silicon surface to the top of the pads, were
73.0 nm *+ 1.4 nm and 316.8 nm * 1.6 nm, respectively. The inset
height profile maps visually demonstrate that individual pads are uni-
formly thick over the range where image intensities were measured.

Fig. 5 shows ADF transmission images of the carbon pads. Images in
the top row (Fig. 5a) were recorded at 10 keV, and images in the bottom
row (Fig. 5b) at 30 keV. Acceptance angles (f; < f < fB,) and the
corresponding beam convergence angle (a) are indicated under their
respective images. Inset dashed squares in Fig. 5b are representative of
the regions over which intensities were measured in each image, and

Lz = 37.5,SD = 3.9
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Fig. 2. ADF images of the polycrystalline
aluminum sample showing regions in which
the average intensity (I,vg), the standard de-
viation (SD), and the background vacuum in-
tensity (Ipkgq) Were recorded. Images were
collected at (a) Bmia = 48.1 mrad (df = 1.9
mrad, ¢ = 1.8 mrad), and at (b) Bniq = 65.3
mrad (df = 2.4 mrad, a = 1.8 mrad).

(b)

T T T T T T

Platinum

91 \ Pt substrate

Thickness (nm)

1 2 3 4 5 6 7 8 9
Pad number

Fig. 4. Carbon (black curve) and platinum (red curve) pad thickness mea-
surements using AFM. The y-axis represents average thickness measured from
the silicon substrate to the top of the deposited pad, with error bars shown at
each point. Inset AFM height maps demonstrate uniform thickness over the
regions where image intensities were measured. Pads are approximately 1.0 pm
squares.(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

inset numbers indicate increasing pad thickness: 1 is thinnest, 9 is
thickest. Although STEM detector amplifier settings were unchanged
for all three carbon image sets, the 10 keV images in Fig. 5a were post-
processed so that contrast could be observed by eye. For example, the
image intensity histogram was rescaled so that intensities between 31
and 42 spanned the 8-bit grayscale range. Images in Fig. 5b were
cropped but otherwise unmodified.

Contrast reversal can be observed at 10 keV: the left image in Fig. 5a
exhibits bright-field character, the middle image exhibits no useful

Fig. 3. Intensity and standard deviation
distributions of the polycrystalline alu-
minum sample image set. Two vertical da-
shed lines indicate ;4 at which the images
in Fig. 2 were recorded. (a) Raw image in-
tensity data. Points on the standard devia-
tion curve indicate ;4 at which each image
1 was recorded. The background signal corre-
sponds to the vacuum intensity measure-
ment at the through-hole. (b) Intensity data
corrected for non-zero background vacuum
level and normalized to df, and SD normal-
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Fig. 5. ADF images of the carbon sample recorded at
(a) 10 keV and (b) 30 keV. Acceptance angle ranges (3;
< B < Bo) and beam convergence angles are shown
under their corresponding images. Inset numbers in-
dicate increasing pad thicknesses (1 = thinnest,
9 = thickest), and dashed squares indicate re-
presentative areas over which pad intensities were
measured. Pads are ~1.0 um on each side. STEM de-
tector gain and dc offset were constant for all images,
but the images in (a) were adjusted so that contrast
could be observed by eye. (Details are described in

28.0 mrad < 8< 29.2 mrad

1.2 mrad << 14‘ mrad )
a~ 5.7 mrad a~3.7 mrad
(@)

14.1 mrad < < 14.7 mrad 58.3 mrad < £< 60.6 mrad
a=5.9 mrad a=3.1 mrad
(b)

contrast, and the right image exhibits dark-field character. At 20 keV
(not shown) and 30 keV (Fig. 5b) the images all exhibit dark-field
character (i.e., the thinnest pad is darkest, and the thickest pad is
brightest), and no contrast reversal is observed over the acceptance
angle range used here.

Intensity distributions of the carbon sample are shown in Fig. 6a.
Distributions corrected for non-zero background vacuum intensity and

114 mrad < < 118 mrad
a=2.9 mrad

111 mrad < < 114 mrad
a~2.9 mrad

text.).

df are shown in Fig. 6b. For clarity, only the curves for the background
vacuum, the carbon substrate, and pads 1, 5, and 9 are shown. Three
vertical dashed lines indicate f,,;q at which the images in Fig. 5 were
collected, and points included on different curves indicate the sam-
pling/imaging interval (i.e., one image was collected at each point.)
Since all carbon images were collected at the same detector amplifier
setting, distributions in Fig. 6b were also normalized to the primary
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Fig. 6. Image intensity distributions of the carbon sample at 10 keV, 20 keV, and 30 keV. (a) Unmodified distributions. (b) Distributions corrected for df, non-zero
background intensity, and normalized to primary electron beam current. Vertical dashed lines indicate f3,,iq at which the images in Fig. 5 were recorded, and points

indicate f,iq for images.
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259 mrad < <264 mrad
a~1.6 mrad

Fig. 7. ADF images of the platinum sample for (a) Bniq = 32.5 mrad, (b) fmia = 137.5 mrad, and (c) Bmiq = 261.5 mrad. The edge of the platinum substrate and the
ultrathin carbon support film are visible around the perimeter of each image. Pads are 1.0 um on each side.

electron beam current which was measured using a Faraday cup at 10,
20, and 30 keV with the sample removed from the optic axis. Note that
normalization to the primary electron beam current is only intended to
provide an approximate visual indication of the relative signal
strengths. Image intensity will also depend on electron energy at the
detector, which will vary with primary electron energy and losses due
to scattering.

All distributions of the carbon sample (Fig. 6) show two broad peaks
that generally exhibit increasing intensity with increasing sample
thickness. The peaks also become narrower and shift to smaller angles
with increasing primary electron energy because the scattering cross-
section decreases with increasing electron energy. Unlike the 20 keV
and 30 keV distributions which do not intersect at any of the experi-
mental conditions, the 10 keV distributions all intersect at ;¢ = 30
mrad where no image contrast is observed (Fig. 5a, middle image). This
acceptance angle coincides with the conditions where the images
change character from bright-field to dark-field.

Fig. 7 shows ADF images of the platinum sample recorded at dif-
ferent ;4. Pad thicknesses increase with inset number (i.e., pad 1 is
thinnest, 9 is thickest), and contrast reversal is evident. In Fig. 7a, pad
intensities vary inversely with thickness: the thinnest pad exhibits the
maximum intensity, the thickest pad exhibits the minimum intensity. In
Fig. 7b, intensities do not vary directly with thickness: pads 1 and 9 are
darker than the others. In Fig. 7c, pad intensities increase with sample
thickness: the minimum intensity is exhibited by the thinnest pad, and
the maximum intensity by the thickest pad. Note that the platinum
substrate is the thinnest region of the electron beam-deposited platinum
sample, and the observed substrate intensities follow the trends ob-
served in each image of Fig. 7.

Fig. 8a shows raw intensity distributions of the platinum sample,
and Fig. 8b shows distributions corrected for nonzero background va-
cuum intensity and dfB. Distributions for the platinum substrate, the

2
J# Ultrathin
# 1 Bkgd intensity I

Intensity (a.u.)
—_— 3% w B W D 3
S o o o o o o

0 — T L T
0.00 005 010 0.15 020
Acceptance Angle, S, (rad)

(a)

ultrathin carbon support film, and the background vacuum intensity are
also included. Points comprising intensity data from pad 9 are shown to
demonstrate the sampling/imaging interval, and three vertical dashed
lines indicate Byiq at which the images in Fig. 7 were recorded.

The ultrathin carbon substrate distributions in Fig. 8 exhibit two
distinct peaks and are essentially identical to the 30 keV distributions
shown for the carbon sample in Fig. 6, demonstrating repeatability of
the technique. Distributions of the platinum substrate and the thinnest
platinum pads also exhibit two peaks like the ultrathin carbon sub-
strate, but with different intensities. With increasing pad thickness, the
platinum distributions broaden significantly until only one broad peak
can be observed.

4. Discussion
4.1. Quantifying intensity distributions

Assuming detector efficiency doesn't change significantly with the
scattering angles and electron energy (i.e., the detector response may be
different at 10 keV than at 30 keV, but it does not vary significantly
within a few hundred eV of the primary electron energy setpoint), ADF
image intensity should be proportional to the number of detected
electrons. Therefore, intensity distributions derived from a series of
images, where each image is collected at a different acceptance angle
and with a narrow acceptance angle span, should closely replicate the
transmitted electron scattering distribution (i.e., the diffraction pattern)
[14]. For comparison with a diffraction pattern collected in a more
conventional manner, the inset image of Fig. 9 shows a 30 keV dif-
fraction pattern of the polycrystalline aluminum sample recorded using
a pixelated STEM detector on the same SEM [13]. The azimuthally-
integrated radial intensity profile obtained from the inset image is
plotted in black on the lower x-axis in pixel coordinates.

40000
S 30000 1
S
S
~>,20000- ]
‘B
=
3
100004 ]
3 ;
z o Ultrathin C—" Pt substrate
0.00 0.05 0.10 0.15 020 0.25
Acceptance Angle, S (rad)
(b)

Fig. 8. Intensity distributions of the platinum sample at 30 keV. (a) Uncorrected data, and (b) data corrected for non-zero background intensity and df. Points
indicate fBiq at which images were recorded, vertical dashed lines indicate the angles at which the images in Fig. 7 were recorded.
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Fig. 9. A polycrystalline aluminum diffraction pattern obtained with a pixe-
lated STEM detector and two associated radial intensity profiles. The inset
image was obtained at CL = 11.3 mm and a = 3 mrad. The radial intensity
profile obtained from the inset diffraction pattern is plotted in pixel coordinates
using the bottom and left axes (black curve), the red curve is the same data
converted to real-space, normalized to its maximum value, and plotted using
the top and right axes. The saturated portion of the detector signal was not
included in the converted data.

A direct comparison between intensity distributions obtained from
the ADF images and the pixelated STEM detector requires that the data
are weighted similarly. Here, the distribution obtained with the pixe-
lated detector has been modified to enable comparison on the same
basis as the ADF image sets obtained using the aperture method. After
subtracting a constant background (Fig. 9) from the radial intensity
profile and multiplying the difference by 2snrdr, where r is measured in
pixels from the center of the pattern and dr = 1 pixel, the real-space
intensity profile obtained from the inset diffraction pattern image is
plotted in Fig. 9 (red curve) using the upper and right axes.

Comparing Fig. 3b and the real-space intensity profile of Fig. 9
demonstrates that the peak locations, their relative intensities, and the
overall shapes obtained from ADF images and from the pixelated de-
tector are in good agreement when plotted in the same coordinate
space. Although the pixelated detector enables better angular resolution
as suggested by the sharper peaks, a narrower aperture selected for a
specific scattering range and smaller CL step size would enable better
resolution for the ADF image method. The standard deviation curve
normalized to df (Fig. 3b) may also offer some benefit to quantifying
the peak positions and their relative intensities, because the ex-
ponentially decreasing background due to incoherent scattering is lar-
gely removed. For example, the (111) peak at 29 mrad and the (200)
peak at 33 mrad are better resolved in the standard deviation curve
than in the average intensity curve. Beyond resolution considerations,
the peak intensities in either distribution of Fig. 3b can conceivably be
used for texture analysis [15]. For example, when averaged over a large
collection of grains, as was done here, the (220) peak shows greater
intensity than the (111) peak suggesting non-random grain orientation.

Intensity distributions of the platinum sample obtained from ADF
images (Fig. 8) change in complex ways with sample thickness. To
verify that the observed results were not an artifact of the aperture
system imaging method, Fig. 10 shows scattering intensity distributions
(i.e., diffraction patterns) of the platinum pads obtained using the
pixelated STEM detector. For these data, a 30 keV primary electron
beam was focused at a spot on each pad for 10 s, and an image of the
diffraction pattern was recorded with CL = 13.2 mm and @ = 2.4 mrad.
Fig. 10a shows radial intensity profiles obtained from the diffraction
patterns obtained with the pixelated detector, and an image of the
diffraction pattern obtained from pad 2. Fig. 10b shows the data con-
verted to real-space coordinates for direct comparison with Fig. 8b.

The platinum intensity distributions obtained from ADF transmis-
sion images, and diffraction patterns from the pixelated STEM detector
are in good agreement. However, there are two notable differences. One
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difference is that the ultrathin carbon substrate intensity is greater
(relative to the platinum pads) in the distributions obtained with the
pixelated detector than with the aperture system. This is because the
electron beam was focused at a single spot for 10 s while recording the
diffraction pattern with the pixelated detector. When scattering pat-
terns are collected with the beam focused at a single spot, adventitious
carbon can accumulate at the spot resulting in increased local sample
thickness [16]. This additional thickness will alter the scattering in-
tensity distribution and will be especially noticeable for ultrathin, low
atomic number samples. Although a larger scan area could have been
used to collect the diffraction patterns with the pixelated detector, the
intention behind using a single spot was to demonstrate that one of the
well-known SEM imaging artifacts can easily alter STEM-in-SEM image
contrast. Two workarounds for this artifact include maintaining clean
vacuum and low-dose imaging techniques. The other difference is that
the distribution intensities fall more rapidly with increasing scattering
angle in the pixelated detector data than in the aperture-based data.
This is primarily due to detector efficiency differences, wherein the
aperture data may better reflect the true scattering intensity distribu-
tion at larger angles.

It should not be surprising that ring-type electron diffraction pat-
terns can be obtained from ADF image intensity measurements since
each image essentially comprises a narrow annular slice of the electron
scattering distribution. Experimentally, this is equivalent to conven-
tional X-ray powder diffraction methods that scan through and measure
intensities at different angles. It is unconventional, however, to obtain
diffraction patterns from specific areas in a set of STEM-in-SEM images
such as those recorded here. This approach is loosely related to the
selected-area diffraction technique commonly used in conventional
TEM [17]. One difference between the techniques is that the incident
beam angle is slightly different for each raster spot in STEM-in-SEM
images, meaning that the diffraction conditions change slightly, and
that the diffraction pattern moves slightly as the beam is scanned across
the sample. Another difference is that because focus is kept at the
sample, the beam convergence angle, a, increases slightly (Fig. 1) as the
sample is moved towards the pole piece. These differences should not
significantly detract from the utility of the technique presented here if
the average intensity of a sufficiently small region of interest is mea-
sured in an image, or an image is recorded at sufficiently high magni-
fication. In the absence of a position- or angle-sensitive detector, the
method described here can be used to quantify electron scattering be-
havior in specific regions of a sample and to assist with image inter-
pretation as discussed in the next section. Samples appropriate for this
technique include powders, amorphous samples, or others that exhibit
ring-type scattering patterns. Scattering patterns from samples with
large grains can also be quantified, but annular apertures will not en-
able spots, streaks, or lines to be discerned. Alternatively, apertures that
enable spot diffraction patterns to be quantified in meaningful ways can
be implemented in a straightforward manner [18]. Moreover, masks
with annular apertures significantly narrower than any currently
available annular solid-state detector, or apertures with complex non-
conventional geometries can be easily fabricated in common household
aluminum foil using a focused Ga™ ion beam. A supporting structure for
the foil mask can be made in a few minutes using an inexpensive 3D
printer.

4.2. Image contrast

The electron-beam deposited amorphous carbon and amorphous
platinum samples illustrate some of the challenges involved with in-
terpreting contrast in ADF STEM-in-SEM images. Both samples exhibit
contrast that changes from strong, to weak, to nonexistent depending
on the imaging conditions and thickness. For ultrathin samples like the
carbon pads, image intensities are anticipated to be proportional to the
local mass-thickness provided that the mean free path for electron
scattering in the material comprising the sample is greater than the
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sample thickness [19]. The total mean free path for electron scattering
(elastic + inelastic) in carbon varies from approximately 4.4 nm at
10 keV, to 9 nm at 20 keV, to 14 nm at 30 keV [20]. Conservatively
estimating the ultrathin carbon substrate at 5 nm thick (it is probably
thinner), the maximum thickness of the carbon pad sample is ap-
proximately 14 nm, meaning that single scattering should be more
likely than multiple scattering at 20 keV and 30 keV. In the dark-field,
each incremental thickness increase should therefore elicit a propor-
tional increase in signal intensity without significantly changing the
shape of the scattering distribution [21]. Interpreting ADF image con-
trast for this carbon sample at 20 keV and 30 keV should be straight-
forward at the scattering angles employed here: the thickest region will
exhibit the greatest intensity and strongest contrast with respect to the
background vacuum intensity. Except at the smallest scattering angles,
similar behavior is observed at 10 keV.

The platinum sample comprises a large range of thicknesses that are
significantly greater than the total mean free path of 30 keV electrons in
this material. As might be anticipated, the intensities do not change
proportionally with thickness for a wide range of B4, and therefore
ADF image contrast interpretation is not straightforward for a large
range of acceptance angles. Indeed, it has long been established that no
specific bright- and dark-field images exist for thick objects because the
scattering intensity distributions tend to be broad and Gaussian-like
[10,22]. This is demonstrated in Fig. 11a which shows the thickness-
intensity relationship for the platinum sample at 30 keV. Considering a
single curve in this figure, contrast can be interpreted as dark-field
where the slope is positive, bright-field where the slope is negative.
Contrast reversal occurs at inflection points, meaning that two different
thicknesses can result in the same signal intensity.

One way to resolve the intensity-thickness ambiguity is to consult
the diffraction patterns(s). For this platinum sample and the imaging
conditions used here, the scattering distributions (Figs. 8b and 10b)
indicate that thickness contrast interpretation is only straightforward
when Biq < ~20 mrad or Biq > ~200 mrad. Image contrast between

45000

—
N
W

those two acceptance angles will not necessarily reflect the sample
thickness in an easily identifiable way. In some instances, it may be
feasible to resolve the ambiguity by changing the accelerating voltage
[23], which can elicit changes in the thickness-intensity curves (i.e.,
inflection points may move and/or slopes may change.) For example,
consider the intensity-thickness relationship for the carbon sample at
10 keV (Fig. 11b) and 20 keV (Fig. 11c). The data shown there support
previous reports stating that when the sample thickness is approxi-
mately equal to the mean free path, extreme care must be taken when
interpreting images because contrast reversal can easily happen [24].
By using 20 keV primary electrons instead of 10 keV, the mean free path
is greater than the thickness of most of the pads, the transition from
bright- to dark-field character is avoided over the range of  examined
here, and all images exhibit dark-field contrast. Moreover, for this ul-
trathin carbon sample a linear thickness-intensity relationship is ob-
served, and sensitivity increases with decreasing acceptance angles. For
the thicker platinum sample (Fig. 11a), a linear relationship between
intensity and thickness is only observed at large acceptance angles.
Decreasing the accelerating voltage will shift the maxima to the right
and the scattering distributions will broaden.

The short-range order represented by the local maxima at g <
100 mrad in Figs. 6 and 8 also presents potential hurdles for contrast
interpretation. For example, consider the 30 keV carbon distributions of
Fig. 6a. If nothing else were known about the sample, and only four
images were recorded (i.e., at 15, 30, 60, and 90 mrad), one might
assume based on scattering angle vs. intensity plots from only these four
images that the scattering intensity distributions were approximately
Gaussian shaped, and therefore that the sample was thicker than the
AFM measurements indicated [9,22]. To avoid this potential source of
confusion, and especially if sample thickness is unknown, several
images should be recorded to evaluate the shape of the scattering dis-
tribution(s) over a large acceptance angle range, and to locate inflection
and intersection points in the distributions. Note that these inflection
points may not be detectable if an aperture with a wider acceptance
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Fig. 11. The relationship between image intensity and sample thickness as a function of f8,iq (mrad)for (a) the platinum sample at 30 keV, (b) the carbon sample at
10 keV, and (c) the carbon sample at 20 keV. Each line corresponds to intensities measured from a single image, and inset numbers indicate f,;q for the image.
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angle span is used [14].

The samples examined here were not specifically selected to de-
monstrate atomic number contrast (i.e., Z-contrast). But, since Z-con-
trast is essentially a special case of mass-thickness contrast where co-
herent scattering does not largely contribute to the signal [8], that
imaging mode is briefly addressed. According to one criterion [25], f3;
should be greater than 160 mrad for 30 keV electrons in aluminum to
largely disregard coherent scattering contributions in Z-contrast
images. The absence of sharp, intense peaks in the distributions of
Figs. 3 and 9 demonstrates that coherent scattering is indeed negligible
at 160 mrad. No equivalent criterion exists for amorphous samples, and
Monte Carlo electron scattering simulations, which are frequently em-
ployed to assist with image contrast interpretation, do not currently
include provisions to account for any type of structural ordering.
However, Monte Carlo based methods do adequately reproduce the
general shape of the intensity-thickness distributions for the platinum
sample, and can be useful for STEM-in-SEM image contrast inter-
pretation.

If intuitive interpretation of mass-thickness contrast is desired, but
knowledge of the scattering distribution and sample thickness is un-
available, a recommendation is to record both a bright-field and high-
angle ADF image. Provided that the bright-field detector does not col-
lect a significant fraction of electrons scattered out of the direct beam,
these two images should be able to deliver a sense of the range of mass-
thicknesses that exists in a sample.

5. Conclusion

Ring-type transmission electron diffraction patterns can be deduced
from a set of ADF STEM-in-SEM images recorded with a basic solid-state
detector and a narrow annular aperture. Those diffraction patterns can
be used as an aid to interpret image contrast and for setting up imaging
conditions. For the thick amorphous samples considered here, the large
range of thicknesses resulted in electron scattering distributions in-
dicating that image contrast is not necessarily intuitively interpretable
over a wide range of acceptance angles. As with crystalline samples, if
intuitive and quantitative contrast interpretation is desirable, thick
amorphous samples should be imaged at large scattering angles where
coherent scattering is negligible. Ultrathin samples, however, may be
more amenable to quantitative imaging at smaller angles because in-
tensity may be more sensitive to thickness, and greater accelerating
voltages because the intensity-thickness relationship may be more
linear.
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