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Mark S’ari1,∗, James Cattle1, Nicole Hondow1, Rik Brydson1, Andy Brown1

School of Chemical and Process Engineering, University of Leeds, Leeds LS2 9JT, United Kingdom

Abstract

In the pharmaceutical industry, it is important to determine the effects of crystallisa-
tion and processes, such as milling, on the generation of crystalline defects in formulated
products. Conventional transmission electron microscopy and scanning transmission elec-
tron microscopy (STEM) can be used to obtain information on length scales unobtainable
by other techniques, however, organic crystals are extremely susceptible to electron beam
damage. This work demonstrates a bright field (BF) STEM method that can increase the
information content per unit specimen damage by the use of scanning moiré fringes (SMFs).
SMF imaging essentially provides a magnification of the crystal lattice through the interfer-
ence between closely aligned lattice fringes and a scanning lattice of similar spacing. The
generation of SMFs is shown for three different organic crystals with varying electron beam
sensitivity, theophylline, furosemide and felodipine. The electron fluence used to acquire the
BF-STEM for the most sensitive material, felodipine was approximately 3.5 e−/Å2. After
one additional scan of felodipine (total fluence of approximately 7.0 e−/Å2), the SMFs were
no longer visible due to extensive damage caused to the crystal. Irregularity in the SMFs
suggested the presence of defects in all the organic crystals. Further effort is required to
improve the data analysis and interpretation of the resulting SMF images, allowing more
information regarding the crystal structure and defects to be extracted.
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1. Introduction

Scanning transmission electron mi-
croscopy (STEM) is a powerful charac-
terisation technique and has been used
to provide high-resolution information
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at length scales of < 0.5 Å in spheri-
cal aberration-corrected STEMs [1]. To
achieve such high-resolution it is necessary
for the current density in a sub-Ångström
sized probe to provide sufficient current
to produce an adequate signal-to-noise
ratio. This is particularly important for
techniques such as high-angle annular
dark field imaging where only a fraction
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of the scattered electrons are collected.
However, as a consequence of the high
current densities, samples must be able to
resist large amounts of electron radiation,
typically > 105 - 106 e−/Å2.

In general, inorganic materials such as
metals and metal oxides are electron beam
stable under these conditions whilst biolog-
ical materials, inorganic-organic hybrid ma-
terials and organic crystals (including poly-
mers and small molecules) are more eas-
ily damaged. The electron beam sensitiv-
ity of a material can be quantified by mea-
suring the critical electron fluence (CF ) [2].
This is calculated by measuring the inten-
sity of a feature, such as electron diffraction
spots and determining the electron fluence
at which the maximum intensity drops to
e−1 during exposure to the electron beam.
For irradiation energies of 80 - 300 kV, bio-
logical materials typically have CF values in
the range of 1 - 15 e−/Å2, organic crystals
0.2 - 120 e−/Å2, zeolites 100 - 600 e−/Å2

and transition metal oxides > 107 e−/Å2

[3, 4, 5, 6, 7, 8].
The mechanism by which a material is

damaged by the electron beam can be cat-
egorised by the type of electron scattering,
either elastic scattering, inelastic scattering
or a combination of both [9]. Depending
on the most prevalent mechanism different
experimental conditions can be adapted to
improve the CF [10]. For insulating mate-
rials such as organic crystals and biologi-
cal materials radiolysis resulting from in-
elastic electron scattering is the main mech-
anism for damage [9]. Two experimen-
tal factors that affect the amount or de-
gree of radiolysis that occurs are acceler-
ating voltage (kV) and temperature. An
increase in kV decreases the damage rate
to the sample due to an inverse relation-
ship between the inelastic scattering cross-

section and kV [11, 12]. Cryogenic temper-
atures improve CF by reducing the mobil-
ity of highly reactive damaged fragments,
increasing stability by a factor of 1 - 10
compared to room temperature, and cryo-
TEM is routinely used to examine biolog-
ical samples [13, 14, 15]. In addition, the
chemical structure has an effect on the elec-
tron beam stability with conjugated com-
pounds being more stable as compared to
aliphatic compounds [16, 17]. The relation-
ship between chemical structure and CF has
been investigated for poorly water-soluble
drugs and compounds with a higher ratio
of conjugated carbons as compared to non-
conjugated carbons tended to be more sta-
ble whilst the presence of hydrogen bonds
acceptors and donors negatively influenced
CF [18].

For the pharmaceutical industry obtain-
ing crystal lattice resolution images of or-
ganic compounds can provide important in-
formation on the effects of formulation pro-
cessing on drug properties. For example
milling can introduce defects into crystalline
active pharmaceutical ingredients (APIs).
Crystal defects in APIs are known to be
sites at which polymorphic transformations
and hydrate formation are initiated, result-
ing in a significant change to the solid-state
behaviour of a API [19, 20, 21].

Previous electron microscopy studies
have successfully employed low-dose tech-
niques to achieve lattice and molecular in-
formation on beam sensitive materials us-
ing conventional transmission electron mi-
croscopy (CTEM) with images recorded
on photographic film, for example, copper
and platinum phthalocyanine, quaterrylene,
paraffin and polyethene crystals [5, 22, 23,
24, 25]. More recently CTEM has been used
to obtain lattice information of caffeine-
glutaric acid co-crystals [26].
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To date, few if any high-resolution images
of highly beam sensitive materials have been
acquired using STEM. One technique that
has been used to obtain low-dose STEM im-
ages is compressive sensing [27, 28]. This
uses the concept that data can be repre-
sented in a sparse form and by recording
a sub-sampled image the missing data can
then be recovered using mathematical algo-
rithms [29, 30]. By sampling fewer pixels
this decreases the overall electron fluence
that the sample is exposed to.

Another technique that has been used to
obtain high-resolution lattice information at
a reduced electron fluence in CTEM and
STEM are moiré1 fringes [31]. Moiré fringes
arise due to the interference pattern cre-
ated between a crystal lattice and a sim-
ilarly sized reference lattice. The result-
ing interference pattern effectively magni-
fies the crystal lattice and allows it to be
viewed indirectly at lower magnifications
and electron fluences than would normally
be required. This technique has previously
been used in CTEM on polyethene and di-
amond to analyse the nature of crystalline
defects [23, 32, 33]. In the case of STEM,
the scanning of the electron beam across the
sample creates an artificial lattice which is
used as the reference to form scanning moiré
fringes (SMFs). Generally, SMFs have been
used to analyse large area strain measure-
ments in semiconductors and functional ox-
ides [31, 34, 35, 36, 37, 38]. Additionally, X-
ray and core energy loss elemental images of
the atomic structure of aquamarine, a beam

1interestingly moirés are not named after a per-
son but comes from the French adjective moiré,
derived from the verb moirer and earlier mouaire
meaning “to produce a watered textile by weaving
or pressing”. Mouaire was adopted from the En-
glish word mohair, which is a cloth made from the
wool of the Angora goat.

sensitive mineral, have also been recorded
using SMFs [39, 40].

In this study, the effects of pixel size and
relative angle on the size of the measured
SMFs in bright field (BF) STEM are de-
termined using a form of asbestos, that is
relatively stable under the electron beam.
This information is then used to examine
three highly beam sensitive organic crystals,
theophylline furosemide and felodipine. All
of which have varying electron beam sta-
bilities. Using SMFs lattice information re-
garding the presence of defects are obtained.
The use of this method to increase the res-
olution when examining organic crystals in
BF-STEM and the application to employ
SMFs as a method to examine active phar-
maceutical ingredients before and after pro-
cessing are then discussed.

2. Materials and Methods

2.1. Materials and Operating Conditions

Preliminary studies on crocidolite (one
of six mineral forms of asbestos and con-
sidered here to be electron beam stable)
were carried out to investigate the effects
of pixel size and scan rotation on the mea-
sured SMFs. Crocidolite was acquired from
Agar Scientific Ltd and is used as a standard
TEM test sample. Three electron beam
sensitive organic crystals were then exam-
ined: theophylline, furosemide and felodip-
ine. The critical electron fluence (CF )
of theophylline, furosemide and felodipine
have been measured in two previous stud-
ies using a microscope operated at 200 kV
accelerating voltage and room temperature
and were found to be 27.0 ± 5.0 e−/Å2, 7.1
± 4.0 e−/Å2 and 2.1 ± 0.9 e−/Å2 respec-
tively [18, 41]. CF increases at higher ac-
celerating voltages, for example, the CF of
theophylline at 300 kV has previously been
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measured to be 41.0 ± 5.0 e−/Å2, an im-
provement of approximately 1.5 times over
that at 200 kV [11, 42].

Theophylline was prepared for TEM anal-
ysis by drop-casting a theophylline satu-
rated nitromethane solution onto a holey
carbon coated copper TEM grid. This
formed predominately plate-like crystals of
form II theophylline with the [100] zone axis
orientated parallel to the electron beam.
Furosemide and felodipine were provided by
AstraZeneca and prepared by dispersing the
powder in water and drop casting the sus-
pended powder onto carbon coated copper
TEM grids.

All samples were examined in an FEI
Titan3 Themis G2 operated at an accelerat-
ing voltage of 300 kV, equipped with a field
emission gun (X-FEG) operating at an ex-
traction voltage of 4.5 kV and a monochro-
mator. The images and diffraction patterns
were captured using a Gatan OneView CCD
and SMFs using the FEI BF-STEM detec-
tor. For a non-aberration corrected STEM,
phase contrast is optimised when the col-
lection semi-angle of the bright field disc
detector is half of the probe convergence
semi-angle [43]. Here the convergence semi-
angle is 10 mrad and the collection angle
was set to 5.5 mrad. The electron beam cur-
rent was reduced to mitigate beam-induced
damage for the organic crystals by adjust-
ing the monochromator focusing lens and
the C2 condenser lens to provide an elec-
tron flux of approximately 0.1 e−/(Å2 s) in
CTEM. In STEM the electron fluence was
controlled by reducing the probe current (I)
to 5± 2 pA using the monochromator focus-
ing lens and pixel dwell times (t) of 10 µs.
The measured probe current was based on
a flu-cam current reading which had been
calibrated by a Faraday cup. Equation 1
was used to calculate the electron fluence

per pixel in STEM and is equivalent to the
electron fluence per frame.

F (e−/Å
2
) =

I × t
e× d2s

(1)

where e is the electronic charge of an elec-
tron (1.602 ×10−19 C) and ds is the pixel
size which is determined by the selected
magnification.

2.2. Scanning Moiré Fringes (SMFs)

Moiré fringes occur due to the interfer-
ence patterns produced by overlaying two
similar, but non-identical lattices. The dif-
ference between the lattices can be due to
either size, rotation or a combination of
both. In the case of STEM, SMFs can be
formed via interference between the artifi-
cial scanned lattice produced by rastering
the electron probe in STEM (ds) and the
real space lattice of the crystal being imaged
(dl). An example of two different types of
moiré fringes: translational and general, are
shown in Figure 1.

The size of the observed SMFs are depen-
dent on three factors: the magnification in
STEM which determines the pixel size and
therefore ds and can only take discrete val-
ues, the size of dl which is determined by the
d-spacings within the crystal being imaged
and finally the relative angle (β) between
fringes of ds and dl [31]. If β is equal to
zero the overlaid lattices will form transla-
tional moiré fringes (dTM), the size of which
can be calculated from Equation 2 [44, 45].

dTM =
dsdl
|ds − dl|

(2)

As the ratio between ds and dl approaches
one, the size of the resulting SMFs tends
toward infinity (Figure 2a). When the ratio
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Figure 1: Schematic of translational and general moiré fringes created by a scanning lattice (ds) and crystal
lattice (dl) of similar sizes. In both moiré fringe images ds/dl = 1.18 and for the general moiré fringe image
β = 5◦.

Figure 2: Plots of moiré fringe size at different ratios of ds and dl for (a) translational moiré and (b) general
moirés.
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between ds and dl deviates away from one
the size of the resulting fringes decrease and
are eventually unobservable. If there is an
angle β between ds and dl, general moiré
fringes (dGM) are formed, the size of which
can be calculated using Equation 3 [44, 45].

dGM =
dsdl√

(ds − dl)2 + dsdlβ2
(3)

The additional term in the denominator ac-
counts for the rotation between the fringes
and as β increases the resulting fringes will
decrease in size. Figure 2b shows how the
size of the moiré fringes changes with β at
different ratios of ds to dl.

2.3. Data Collection

To acquire translational SMFs β has to
be close or equal to zero. Therefore, be-
fore acquiring SMFs the scan direction is
rotated to align ds to dl, by identifying the
rotation required from a measurement of
a selected area electron diffraction pattern
(SAED) of the crystal recorded in CTEM.
This includes accounting for the difference
in the rotation of alignments between the
CCD in CTEM and the BF-STEM detec-
tor, which was calculated by measuring the
angle of a selected spacing in the SAED pat-
tern and determining the change in rotation
compared to the same spacing in an FFT of
a high-resolution BF-STEM image.

Very low fluence BF-CTEM was used
to identify areas that contained strongly
diffracting crystal regions by searching dif-
ferent areas on the grid with a 30 mrad di-
ameter objective aperture inserted. Once
an area was identified a SAED pattern was
acquired and used to calculate the scan
rotation required. The microscope was
then operated in STEM and focused (by a
Ronchigram) using a sacrificial area of the

Table 1: Magnification and respective pixel size and
electron fluence when 5 ± 2 pA probe current and
10µs dwell time are used in STEM.

Magnification Pixel Size Electron Fluence
(× 1/1000) (nm) (e−/Å2)

26 3.73 0.2 ± 0.1
74 1.32 1.8 ± 0.7
105 0.93 3.6 ± 1.4
148 0.66 7.2 ± 2.9
210 0.47 14.1 ± 5.7
297 0.33 28.7 ± 11.5
419 0.23 59.1 ± 23.6
593 0.17 108.1 ± 43.3
845 0.16 122.1 ± 48.8

sample or on the carbon film immediately
adjacent to a particle of interest. This step
was carried out at a lower magnification
than required to obtain SMFs, to limit the
total electron fluence. The magnification
was then increased and a BF-STEM image
containing SMFs was captured. The mag-
nification (and therefore ds) selected de-
pended on the electron beam sensitivity of
the organic crystal and the size of dl. Ta-
ble 1 shows the possible magnifications and
the respective pixel size and electron fluence
calculated when a 5 ± 2 pA probe current
and 10 µs pixel dwell time is used.

Prior knowledge of the crystal lattice
spacings in the sample is not necessary as
the dl is measured from the SAED and the
ds used then depends on the value of dl and
the electron beam sensitivity of the sam-
ple. However, knowing the lattice spacings
ahead of time can prevent examining a sam-
ple that contains no crystal lattice spacings
close enough to the fixed values of ds avail-
able in the microscope resulting in SMFs
that are too small to identify.
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Figure 3: Effect of scan rotation in STEM on the size of the observed moiré fringes of crocidolite; the FFT
is shown as an insert for each image and was used to measure the size of the SMFs. The angle β between dl

and ds and SMF size are displayed for each image; the dl and ds were equal to 0.282 ± 0.002 nm and 0.233
nm respectively.

Figure 4: Effect of ds on the size of the observed SMFs for dl of 0.203 ± 0.002 nm of crocidolite; the FFT
is shown as an insert for each image and was used to measure the size of the SMFs. The ds and SMF size
are displayed for each image and the scan direction was adjusted so that β was close to zero.
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3. Results and Discussion

3.1. Crocidolite

Preliminary results on crocidolite were
used to investigate the effect of pixel size
(ds) and scan rotation (β) on the measured
SMFs size (Figures 3 and 4 respectively).
Due to the high electron beam stability of
crocodilite a probe current of 40 ± 2 pA and
dwell times of 20 µs were used to capture the
images, resulting in an electron fluence per
frame of 920 ± 45 e−/Å2, 1840 ± 90 e−/Å2

and 3720 ± 190 e−/Å2 at ds of 0.233 nm,
0.165 nm and 0.116 nm respectively. Fig-
ure 3 displays a collection of SMF images
that are a result of the interference between
a dl of 0.282 ± 0.002 nm and ds of 0.233
nm. The angle β was varied between 2.1◦

and -2.9◦ and the resulting size of each SMF
was measured via the FFT (shown for each
image). As expected the largest SMF spac-
ing was found when β was nominally zero
and was measured to be 1.341 ± 0.020 nm.
The smallest SMF spacing was measured at
1.283 ± 0.020 nm and was found when β
was equal to -2.9◦, this being the highest
rotation away from zero.

Figure 4 displays a series of SMF images
that were a result of the interference be-
tween a dl of 0.203 ± 0.002 nm and various
ds values, these being 0.116 nm, 0.165 nm
and 0.233 nm, corresponding to magnifica-
tions of 845k, 593k, 419k times respectively.
The scan direction for each image was ad-
justed so that β was close or equal to zero.
From these images, the largest SMF was
measured at 1.596 ± 0.031 nm and found
using a ds of 0.233 nm, the smallest devi-
ation from dl (0.203 ± 0.002 nm). When
using a ds of 0.116 nm the measured SMF
spacing was only 0.264 ± 0.002 nm and are
difficult to identify in the image as they are
only 2 - 3 pixels in size, however, from the

Figure 5: Plots showing the comparison between
the measured and calculated size of the SMFs as a
function of: (a) rotation angle, β, calculated from
Equation 3 and (b) STEM pixel size (ds), calcu-
lated from Equation 2. The red dotted lines show
the error in the theoretical value due to the mea-
surement of dl.

FFT distinct spacings can be seen.
Using Equation 3, the predicted size of

the SMF as a function of β (including the
error in the measurement of dl) was calcu-
lated and is shown in Figure 5a. For each β
value in Figure 3 the size of the measured
SMFs were plotted and demonstrate a good
agreement to the predicted values. The the-
oretical curve shows that small variations in
β when close to zero (± 1◦) have a relatively
small effect on the size of the SMFs, how-
ever, as the angle deviates further from zero
then the SMF spacing begins to decrease.
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If the graph was extended beyond 5◦ then
the size of the SMFs would decrease signif-
icantly as previously shown in Figure 2b.

Similarly, Figure 5b shows the theoret-
ical size of translational moiré fringes as
a function of STEM pixel size (ds) calcu-
lated using Equation 2. For each ds used in
Figure 4 the corresponding measured SMFs
were plotted and showed good agreement
to the predicted values. The theoretical
curve shows that as the ratio between ds

and dl approaches one (shown by the dot-
ted line) the size of the SMFs dramatically
increases; tending towards infinity when ds

= dl. Therefore, when ds is very similar
to dl small measurement errors may lead to
large discrepancies between measured and
predicted values.

3.2. Theophylline

Scanning moiré fringes of theophylline
form II were acquired by firstly taking a
SAED pattern along the [100] zone axis in
CTEM (Figure 6a) and then rotating the
scan direction to align with the (011) crys-
tal spacing of 0.34± 0.02 nm. The pixel size
closest to this d-spacing, which would result
in the largest SMFs, was 0.33 nm at 225k
times magnification. Figure 6b shows the
resulting SMFs with a β close or equal to
0. From the spacings measured in the FFT,
the average size of the SMFs was found to
be 3.90 ± 0.05 nm. The electron fluence
used to take a single image in STEM at
this magnification was approximately 28.8
e−/Å2, less than the critical fluence mea-
sured via CTEM at 300 kV (41.0 ± 5.0
e−/Å2). However, the total electron fluence
that the crystal was exposed to in this pro-
cess would be greater than 28.8 e−/Å2 due
to searching for areas in CTEM and record-
ing SAED patterns.

A BF-STEM image of a different crys-
tal area was taken using the same ds and
dl and Fourier filtered by masking all spa-
tial frequencies in the FFT except the ones
relating to the SMFs, shown in Figure 6c.
In this case, the resulting SMFs were 2.76
± 0.03 nm. Compared to the interference
bands from the SMFs seen in Figure 6b, ad-
ditional fringes that appear as terminating
half lines are observable within Figure 6c,
highlighted by the red lines. These areas
cause adjacent fringes to bend to compen-
sate, affecting the average size of the SMF
measured via the FFT and cause the spots
to become more diffuse. Visibly these areas
appear similar to edge dislocations imaged
by high-resolution CTEM but are magnified
here by the SMF, however, due to β not be-
ing 0 the exact interpretation of what defect
type this represents in the real space lattice
and the direction that they occur is difficult
to determine.

3.3. Furosemide

Figure 7a shows the [110] zone axis of
furosemide form I with the (001) crystal
spacing (1.50 ± 0.10 nm). The scan direc-
tion was aligned with this d-spacing and a
BF-STEM image recorded at a magnifica-
tion of 57k times resulted in a ds of 1.32
nm. Due to the large size of the (001) spac-
ing and the lower magnification required to
produce SMFs the fluence per scan was ap-
proximately 1.8 e−/Å2, almost four times
lower than the CF of 7.1 e−/Å2 previously
measured at 200 kV [18]. This allowed for
several images to be captured to determine
if β was 0 ± 1◦ and also to more accurately
focus the image.

Figure 7b was taken after a cumula-
tive electron fluence of approximately 17.3
e−/Å2 and contains an image of the entire
particle. An FFT of the area highlighted
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Figure 6: Scanning moiré fringes of theophylline form II (a) SAED of [100] zone axis, the scan direction was
aligned with the (011) reflection (0.341 ± 0.020 nm). (b) BF-STEM of the SMFs acquired using a pixel size
of 0.33 nm and 0.34 ± 0.02 nm d-spacing, from the FFT the average size of the SMFs were measured at 3.90
± 0.05 nm. (c) Fourier filtered images of a different crystal area showing a disruption in the SMFs from the
0.34 ± 0.02 nm d-spacing and pixel size of 0.33 nm. The electron fluence used to acquire each image in (b)
and (c) was a minimum of 28.8 e−/Å2.

Figure 7: Scanning moiré fringes of furosemide form I (a) SAED of [110] zone axis, the scan direction was
aligned with the (001) reflection (1.50 ± 0.10 nm). (b) BF-STEM image of SMFs produced by using a pixel
size of 1.32 nm and 1.50 ± 0.10 nm d-spacing. From the FFT the average size of the SMFs was measured at
9.95 ± 0.15 nm. Fourier filtered image from within the red box highlights a defect seen within the crystal.
(c) BF-STEM of the same area after an additional electron fluence of 25.5 e−/Å2. The cumulative electron
fluence from STEM in (b) and (c) were approximately equal to 17.3 e−/Å2 and 42.8 e−/Å2 respectively.

in the red box and a Fourier filtered im-
age of the same area are also shown. The
average size of the first order spacings mea-
sured from the FFT was equal to 9.95 ±
0.15 nm. Similar to the case of theophylline
from the Fourier filtered image an extra ter-
minating fringe can be identified causing the
surrounding fringes to bend. In this case,
however, the angle β is close or equal to

zero and this disruption to the regular moiré
fringe pattern may be due to a lattice defect
such as a dislocation in the same orientation
shown in the image. Figure 7c shows the
point at which the crystal was sufficiently
damaged and spots were no longer visible
in the FFT; fringes can still be seen in the
Fourier filtered image, however, these are
artefacts due to applying the spatial filter.
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Figure 8: Scanning moiré fringes of crystalline felodipine form I (a) SAED pattern of [211] zone axis, the
highlighted spots indicate the lattice fringe that contributed to the SMFs. (b) BF-STEM image of SMFs
produced by using a pixel size of 0.93 nm and 0.84 ± 0.02 nm d-spacing. From the FFT the average size of
the SMFs was measured at 10.17 nm. Fourier filtered image from the area within the red box is also shown
and highlights defects within the crystal. (c) Subsequent BF-STEM image of the same area showing the
disappearance of the SMFs. The electron fluence in STEM for (b) and (c) was equal to 3.5 e−/Å2 and (d)
7.0 e−/Å2.

In this image, the total fluence the sample
had been exposed to in STEM (at 300 kV)
was approximately 43 e−/Å2, much higher
than the measured CF in CTEM at 200 kV
[18].

3.4. Felodipine

Scanning moiré fringes of crystalline
felodipine are shown in Figure 8, collected
at a STEM magnification of 80k times, cor-
responding to a ds equalling 0.93 nm. Fig-
ure 8a shows the SAED pattern of the [211]
zone axis of felodipine form I. The (111̄)
and (1̄1̄1) crystal spacings were measured
at 0.84 ± 0.02 nm and the β was equal to
1.5◦.

Figure 8b shows the crystalline particle,
FFT of the red highlighted area and Fourier
filtered image of the same area recorded
at an electron fluence of approximately 3.5
e−/Å2, slightly higher than the CF of 2.1
e−/Å2 previously measured for felodipine at
200 kV [18]. A single spacing of 10.15± 0.30
nm was measured from the FFT.

The area highlighted by the blue box
had previously been exposed to the electron

beam in a prior scan and showed SMFs.
During this previous scan (not shown),
SMFs could be seen within this area with
two spacings identifiable in the FFT at 7.88
± 0.30 nm and 4.00 ± 0.30 nm. The value
for the first order spacing at 7.88 ± 0.30
nm was in close agreement to the predicted
value of 8.00 nm, calculated using Equation
3 when ds, dl and β are equal to 0.93 nm,
0.84 nm and 1.5◦ respectively. The increase
in the size of the SMFs between the first and
second scan suggests that the average size of
dl had changed between scans, possibly due
to electron beam effects. The increase in
SMF spacing is due to the ratio between ds

and dl being closer to one. If dl is equal to
0.86 nm the resulting SMFs would be 10.17
nm, an increase of 0.02 nm to the average
size of dl. The Fourier filtered image shows
areas within the red box that contains lat-
tice irregularities similar to those found in
theophylline and furosemide, however, more
of these defects appear to be present which
could cause the average size of the SMFs to
increase in this particular area.

A subsequent BF-STEM image was ac-
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quired from the same area and is shown in
Figure 8c. From the FFT no regular spac-
ings were visible indicating that after a cu-
mulative electron fluence of >7.0 e−/Å2 all
signs of crystallinity were destroyed. The
Fourier filtered image in Figure 7c appears
to show many defects, similar to the final
image for furosemide but due to the absence
of spots in the FFT are due to artefacts
caused by applying the spatial filter.

3.5. Discussion

The use of TEM in the pharmaceuti-
cal industry has begun to become more
prominent because it can provide informa-
tion at length scales not normally accessible
to other techniques, identify the presence
of low-levels of crystalline material and be
used in the routine structural determination
of small organic crystals [46, 47, 48, 49, 50].
The results here show that using the SMF
method real-space lattice information can
be obtained indirectly in STEM at lower
magnifications than is required for direct
lattice imaging, reducing the total electron
fluence and damage applied to the sam-
ple. This advance opens up the ability to
image the crystal lattice of electron beam
sensitive organic compounds, such as those
reported here for theophylline, furosemide
and felodipine.

Given the low CF of felodipine (previ-
ously measured to be 2.1 e−/Å2 at 200
kV in CTEM [18]) it would have been ex-
pected that observing fringes at electron flu-
ences above 3.5 e−/Å2 would have been un-
likely. However, SMFs were observed (Fig-
ure 8b) after exposure to an electron fluence
> 3.5 e−/Å2 plus the additional fluence in
CTEM (approximately < 1 e−/Å2) while
searching for areas and during acquisition
of SAED patterns, prior to STEM analy-
sis. Similarly, the overall electron fluence

that the furosemide particle was exposed to
was approximately 6 times higher (Figure
7b and c) than the previously measured CF

in CTEM at 200 kV [18]. The increase in
stability in both cases may be due to the use
of 300 kV compared to 200 kV, which was
previously used to determine CF . Further-
more, CF is only an indication of electron
beam sensitivity, in this case, measured by
the fading of diffraction spots. Irradiating
the crystal beyond the CF does not neces-
sarily result in the spacings no longer be-
ing present, only that their intensity has
decreased by a significant amount in the
diffraction pattern.

During scanning in STEM highly lo-
calised elastic scattering events occur en-
tirely within the area irradiated by the
probe (in this case 1.4 Å in diameter) form-
ing the SMFs. The majority of damage
caused to the crystal occurs within a cer-
tain radius around the probe due to delo-
calised inelastic scattering, known as the
point spread function [51]. The diameter
depends on the size of the probe, kV and
energy of the inelastic scattering event caus-
ing radiolysis. It has been estimated for 100
kV that 50% of the inelastic scattering en-
ergy occurs within a median diameter of 0.9
nm and 25 nm for energies of 10 eV and 0.1
eV respectively [51]. Provided that ds is
larger than the size of the probe and of the
same order to the point spread function, the
next area to be sampled in the STEM im-
age will be from an adjacent area that has
not previously been damaged from the de-
localisation of radiolysis [51, 52]. If the size
of ds is closer to the probe diameter and
the point spread function then damaged ar-
eas would overlap leading to damage to the
crystal ahead of each dwell point. Assuming
the sample indeed damages via radiolysis,
which is the case for organic crystals. This
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method of undersampling can be an effec-
tive way to reduce the electron fluence and
damage sustained by a sample.

The disadvantage of increasing ds (i.e. re-
ducing the STEM magnification) is that it
reduces the spatial resolution of the image.
However, for beam sensitive materials the
limitation in the resolution is generally a re-
sult of a low CF and the decay in contrast
due to damage. This means that CF and
the value of the initial contrast are as signif-
icant factors as the reduction in the spatial
resolution. By imaging with SMFs, the lat-
tice is magnified and additional contrast is
produced from the interference between ds

and dl, both of which increases the informa-
tion content per unit specimen damage. To
estimate the dose-limited resolution (DLR)
for an amorphous material, several differ-
ent factors are involved including the initial
contrast in the image (determined by the
imaging mode, sample thickness and prepa-
ration method) and the CF , as shown in
Equations 4, 5 and 6.

DLR =
SNR

√
2

|C|
√
DQE

√
FCF/e

(4)

where F = e
−t
λe (5)

and C = C0e
−Fluence

CF (6)

where SNR is the signal to noise ratio which
must equal or exceed some chosen back-
ground value, typically above 3 - 5 times
the standard deviation to satisfy the Rose
criterion [53]; DQE is the detector quan-
tum efficiency; F is the collection efficiency
of incident electrons to detected electrons
(Equation 5), which depends on the sample

Figure 9: Processed SMF images using rolling ball
background subtraction function in ImageJ and the
position of the SMF line profiles. (a) Background
subtracted SMF image of Figure 8b; (b) back-
ground subtracted SMF image of Figure 8c repre-
senting an amorphous sample background; (c) line
profile of each coloured area in a and b showing the
difference in contrast. Pixel intensity of the back-
ground was approximately 25 for each image.

thickness (t) and the elastic mean free path
of electrons (λe); e is the elementary charge
of an electron; C is the contrast (Equation
6) and C0 is the initial contrast before elec-
tron beam exposure [12].

When considering the DLR in BF-STEM
some additional thought is required, F is de-
creased in BF-STEM as electrons scattered
to higher angles are not collected by the
BF detector, similar to the use of an objec-
tive aperture in TEM, decreasing the DLR.
However, the DQE of the BF-STEM detec-
tor (a photomultiplier tube) is higher com-
pared to a CCD [54]. Furthermore, there is
no modulation transfer function in STEM
as the image is recorded serially point by
point, increasing the contrast and hence ef-
fective DLR in STEM. In this case the in-
crease in DQE and contrast in STEM is
assumed to cancel out the decrease in F
for BF-STEM vs CTEM. Although, the
samples examined here are crystalline and
therefore F would not follow an exponential
decay with increasing angle due to Bragg
diffraction nonetheless it is instructive to
assume an exponential form as a first ap-
proximation.
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To ensure that the SMFs can be resolved
the DLR must be smaller than the size of
the fringes. SMFs introduces phase con-
trast into the image which can be quantified
and then used as C0 to calculate the DLR
which can then be compared to an image
that displays no phase contrast. The con-
trast is measured by determining the differ-
ence in intensities between bright and dark
fringes and then dividing by the background
intensity. Figure 9a and b show the back-
ground subtracted images from the raw im-
ages of felodipine in Figure 8b (phase con-
trast SMF image) and c (amorphous sam-
ple background exhibiting no phase con-
trast). A rolling ball background subtrac-
tion function in ImageJ was used; this func-
tion determines a local background value
for every pixel by averaging over a very
large ball around the pixel and then sub-
tracts this from the image, effectively re-
moving large spatial variations in the back-
ground intensities and removing the mass-
thickness contrast. Line profiles taken from
the same areas are shown in Figure 9c and
demonstrate the contrast difference between
the two scans at 3.5 e−/Å2 and 7.0 e−/Å2.
When this is carried out in the same area
in the image containing moiré fringes and
also in the damaged image without fringes,
then the average contrast values are approx-
imately 0.6 and 0.1 respectively. Figure 10
demonstrates the effects of increasing C0

from 0.1 to 0.6 on DLR for a fixed CF of
2.1 e−/Å2 and when using: SNR = 5; DQE
= 0.5; t = 100 nm, λe = 150 nm. The forms
of each curve in Figure 10 shows that as the
sample is irradiated with electrons there is a
large initial improvement in the DLR up un-
til a minimum at which the best resolution
is achieved, in this case, 22.5 nm and 3.7
nm for C0 of 0.1 and 0.6 respectively (note
the SMF spacing was approximately 10 nm

Figure 10: Plot demonstrating the effect of C0 on
the dose-limited resolution calculated by Equation
4, where SNR = 5; DQE = 0.5; t = 100 nm, λe

= 150 nm and CF = 2.1 e−/Å2. The minimum
DLR for C0 of 0.1 and 0.6 are 22.5 nm and 3.7 nm
respectively.

in felodipine). Then as the sample is con-
tinually irradiated, damage occurs and the
minimum DLR starts to deteriorate. At a
C0 of 0.6 the range of electron fluences at
which the DLR is similar to the minimum
DLR is larger as compared to C0 = 0.1 due
to more fluence being required to degrade
the absolute contrast level and so increas-
ing the available electron fluence at which
the sample can be imaged close to the min-
imum DLR. Both the increase in resolution
and range of electron fluences available to
image the sample at higher C0 values result
in the SMFs being resolved before the sam-
ple sustains too much damage by the elec-
tron beam.

These preliminary experiments demon-
strate that use of the SMF technique can
increase the information content per unit
specimen damage in images of the crys-
tals by the use of SMFs. This is par-
ticularly true for beam sensitive crystals,
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and the technique can be used to image
a crystal lattice, identifying crystalline de-
fects within the sample from the disruption
of regular fringes. The interpretation of
the precise nature of the defect is straight-
forward for translational moiré fringes as
there is no rotational component to the in-
terference fringes. With further develop-
ment, this method could be applied to the
analysis of organic crystals processed for
use in medicines by the pharmaceutical in-
dustry. This opens up the possibility to
investigate the impact of processing steps
such as milling on the density or even type
of crystalline defects This technique may
also be important when dealing with re-
crystallisation in amorphous solid disper-
sions, identifying crystal nuclei and pre-
ferred growth. All these factors have an im-
pact on the solubility and therefore bioavail-
ability of a poorly water-soluble APIs. Fur-
ther effort is required to improve the data
analysis allowing more information regard-
ing the crystal structure and defects to
be extracted, for example modelling of the
SMFs to predict how various defects would
affect the appearance of the fringes.

4. Conclusion

In this study, the scanning moiré fringe
method was used to indirectly image the
crystal lattice and defects by STEM on
three organic crystals highly sensitive to
electron beam irradiation. The moiré pat-
terns are produced via interference between
the lattice fringes of a particular d-spacing
within a crystal and the regular scan lines
in STEM. This essentially causes the lattice
fringes and defects that may be present in
the structure to be magnified between one
and two orders of magnitude, depending on
the size of the original fringes and the pixel

size and crucially, therefore, lowers the ap-
plied electron fluence. Increasing the size
of the lattice fringes can ultimately make it
possible to resolve at or inside the critical
fluence for damage; increasing the informa-
tion content per unit specimen damage as a
result of increased contrast due to the pres-
ence of enhanced phase contrast. Disrup-
tions to the regular SMF pattern can also
indicate the presence of lattice defects or
areas of amorphisation, although when the
scan direction and lattice fringes are not
properly aligned the orientation and posi-
tion of the defect also changes making it
more difficult to interpret. This technique
may be applied to improve understanding
of crystallisation pathways or degradation
in pharmaceutical formulations.
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