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Abstract

A scanning transmission electron diffraction method is developed for use in the scanning electron microscope to perform
orientational characterization of 2D materials. The method can generate orientation maps of monolayer graphene over a
field of view up to ≈ 50µm in just a few minutes and can distinguish twisted bilayers from aligned bilayers. This method
holds promise to bring electron-diffraction-based orientation measurements of 2D materials to a broader audience.

1. Introduction

Two-dimensional (2D) materials have attracted signifi-
cant attention for their extraordinary mechanical, thermal,
and electronic properties.[1] Materials such as graphene
and transition metal dichalcogenides have become some of
the most intensely studied materials of the last decade.
While many studies seek to characterize the properties
of defect-free 2D materials, in real applications these
materials will have defects which can significantly affect
the remarkable properties. For example, grain bound-
aries can affect the thermal conductivity,[2, 3] electrical
properties,[4, 5] and mechanical properties.[6, 7, 8] In mul-
tilayer systems, lattice twist angles can lead to emergent
phenomenon such as superconductivity.[9] Thus, the abil-
ity to rapidly characterize the structure of 2D materials is
not only critical for interpreting device behavior, but also
for optimizing synthesis procedures and long-term device
performance.

Crystallographic characterization of 2D materials can
be divided into direct and indirect methods. Indirect
methods seek to correlate atomic scale structure with phe-
nomena that occur on larger length scales. Examples in-
clude observing the anisotropic epitaxial growth modes of
adlayers,[10, 11] or probing the anisotropic optical prop-
erties of the material.[12, 13] Direct methods resolve the
atomic structure in real or reciprocal space. Real space
methods primarily include scanning probe techniques[14]
and (scanning) transmission electron microscopy, [15, 16]
but they are difficult to apply to large areas. Electron
diffraction experiments resolve the atomic scale structure
in reciprocal space and have been highly successful at char-
acterizing the structure of 2D materials.[17, 18, 19, 20]
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Particularly important for characterizing graphene has
been dark-field transmission electron microscopy (DF-
TEM).[17, 18] In DF-TEM an aperture is placed in the
back focal plane of the objective lens to select electrons
scattered with a particular wavevector. If the wavevec-
tor is selected to coincide with a particular reciprocal lat-
tice vector of the sample, then the images formed will
emphasize the areas of the sample with that particu-
lar (in-plane) orientation. By exhaustively selecting each
graphene wavevector observed in the diffraction pattern,
a stack of images can be constructed which can then be
used to compute the lattice orientation of each pixel in the
image. While this technique is powerful, it remains out of
reach for many due to the relative inaccessibility of TEMs.

Hence, a more accessible crystallographic characteriza-
tion method for 2D materials is desirable. Herein, we
demonstrate a DF transmission imaging technique called
φ-scan dark-field (φ-scan DF) microscopy that can easily
be implemented in a conventional scanning electron mi-
croscope (SEM). As a DF imaging technique, it generates
significant image contrast from extremely weakly scatter-
ing samples such as graphene even in the presence of un-
wanted contamination. The convergent beam of an SEM
gives it an ultimate resolution limited only by the qual-
ity of the electron optics (on the order of 1 nm for most
modern field emission SEMs), while also enabling the in-
vestigation of large fields of view. An added benefit of
using an SEM relative to a TEM is that the lower energy
electrons should not cause knock-on damage[21, 22] while
also having a greater scattering cross section, which will
improve signal strength. Herein, we apply this technique
to a graphene sample as an example sample platform. We
demonstrate how the method can be used to generate an
orientation map and can distinguish twisted from aligned
graphene bilayers.
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2. Methods and Results

A schematic of the technique is shown in Figure 1(a). An
SEM (LEO Gemini 1525)1 scans a 30 kV convergent elec-
tron probe across a nominally monolayer graphene sample
supported on lacey carbon (Ted Pella, 21710). A small
fraction of the incident probe (≈ 1 % as per a kinematic
model[23]) diffracts off the graphene lattice (Figure 1(b)-
(c)) as it transmits through the sample. The transmitted
electrons are incident on a mask (Figure 1(d)), and the
electrons selected by the mask are detected with a solid-
state diode detector (KE Developments) forming an im-
age as the electron probe is rastered across the sample.[24]
During the course of a φ-scan DF experiment, the angle be-
tween the mask and the sample is stepped over the range 0◦

to 60◦ and 20-30 different dark-field images are collected.
These images are then aligned using the SIFT method[25]
in post-processing and form a datacube denoted, I(x, y, φ).

The mask was fabricated from household aluminum foil
(12 µm thick) using a focused Ga+ beam and is designed
to select the 2nd order diffraction spots of graphene (see
Figure 1(c)-(d)). When the angle φ (measured clockwise
from the image horizontal to the first hole) equals φg (the
in-plane crystallographic angle of the graphene lattice) the
diffracted electrons will generate a bright area in an image.
Here, φ is varied by compucentrically rotating the sample
using the SEM sample stage, while holding the mask and
detector fixed.[26] To simplify the interpretation, the im-
age data is mapped into the rotating reference frame of the
sample where the image horizontal is chosen to correspond
to φ = 0◦. Thus for simplicity, the mask can be interpreted
as moving while the sample remains stationary.

Most SEMs do not have a diffraction camera, so proper
mask alignment is necessary and potentially non-intuitive.
First, the camera length must be adjusted by translat-
ing the detector along the optic axis to permit the Bragg
diffracted electrons to properly transmit the as-fabricated
mask for the material under study. Next, the beam is
focused at the sample plane (with the sample translated
out of the way) and the detector is adjusted such that
the mask is centered on the optic axis. Fine adjustments,
if necessary, can be made with the electronic beam shift.
This simple alignment procedure is sufficient in most cases
to obtain observable diffraction contrast. Once diffraction
contrast is visible, the mask position and camera length
can be optimized to maximize the contrast at a grain
boundary.

The φ-scan DF technique is demonstrated in Figure
2. Conventional imaging modes including secondary elec-
tron, bright-field transmission, and annular DF transmis-
sion (Figure 2(a)-(c)) of the graphene sample exhibit lit-
tle contrast. Linear features are due to wrinkles[28] and
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Figure 1: (a) A schematic of the measurement setup. The electron
beam is focused on a graphene sample mounted on a c-shaped holder.
A solid-state diode detector covered with a hexagonal mask is posi-
tioned beneath the sample. The camera length, CL = 6.575 mm, is
selected such that the 2nd order spots (triangles) diffracted by the
graphene lattice (θscat = 56.7 mrad) can pass through the holes in
the mask when φ = φg . (b) Graphene lattice in real space with lat-
tice vectors shown. (c) Diffraction pattern collected on monolayer
graphene using a 30 kV electron beam (α = 1.8 mrad) using a re-
cently reported imaging detector.[27] Reciprocal lattice vectors are
shown. The angle φg characterizing the graphene lattice orientation
is measured clockwise from the image horizontal. (d) A secondary
electron image of the mask. The angle φ is experimentally controlled
by rotating the sample and is referenced clockwise with respect to
the image horizontal.

folds[29] in the graphene sheet, and small spots are due
to debris on the surface. The remaining contrast is at-
tributed to polymer residue that covers the sample.[30]
In stark contrast to the conventional imaging modes, the
three φ-scan DF images (Figure 2(d)-(f)) taken at φ = 0◦,
φ = 36◦, and φ = 42◦ unambiguously segment the image
into three distinct regions. To confirm the origin of this
contrast, diffraction patterns were collected in the three
regions (Figure 2(g)-(i)) using a recently reported imag-
ing detector.[27] Each of the diffraction patterns is con-
sistent with single domain graphene, but with each region
having different in-plane orientations. A kinematic theory
assuming normal beam incidence predicts intensity ratio
of the 1st order diffraction spots to the 2nd order diffrac-
tion spots of I2/I1 = 0.96 for monolayer graphene and
I2/I1 = 3.6 for AB stacked bilayer graphene.[23] The six-
fold symmetry-averaged intensity ratio observed here was
I2/I1 = 1.0, which strongly supports the assignment of the
graphene to be monolayer thickness.[31, 32]

To more clearly understand how the diffraction pattern
relates to the φ-scan DF dataset, the spatially averaged
data for the three regions shown in Figure 2(a) is plot-
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Figure 2: (a)-(f) Real space images of the same region of monolayer
graphene recorded with different imaging conditions. (a)-(c) Con-
ventional imaging conditions: secondary electron, bright-field, and
annular dark-field. The relevant detector acceptance angle is given
as β. (d)-(f) DF imaging conditions utilizing the hexagonal mask
shown in Figure 1(d) at three different mask angles. (g)-(i) Diffrac-
tion patterns collected for the regions indicated in (a). (j) Solid lines
are the observed DF intensity vs. φ for the spatial regions indicated
in (a). Dashed lines are the analogous measurements except derived
numerically from the annular sector of the diffraction patterns shown
in (g)-(i). The φ values corresponding to images (d)-(f) are indicated
by vertical dashed lines. (k) A colorized image of the same spatial
region showing the orientation of the graphene lattice derived from
the DF images. All data was collected with a beam convergence
semiangle α = 1.8 mrad.

ted in Figure 2(j). For the φ-scan DF data, the intensity
vs. φ is plotted as solid lines and the analogous measure-
ments obtained from the diffraction patterns are plotted
as dashed lines. The three dark-field images (Figure 2(d)-
(f)) correspond to the maximum in the φ-scan plots and
yield an interpretation for the φ-scan DF data.

Although I(x, y, φ) contains the graphene lattice orien-
tational information, the data have more than three chan-
nels and cannot be directly plotted for viewing. A data
reduction must occur for display purposes. Since the sam-
ple is nominally monolayer graphene, the lattice orienta-

Figure 3: An orientation map of a full TEM grid square (ca. 53
µm wide) of nominally monolayer graphene. Regions corresponding
to holes (vacuum), lacey carbon, or debris are identified via thresh-
olding and are colored black. This map is derived from 20 φ-scan
DF images collected in 3◦ steps at a resolution of 1024 × 768 (ca. 1
nA beam with a 5.3 mrad beam convergence semiangle). Total wall
clock time for the collection of these 20 images was 496 s of which 206
s was spent actually scanning the sample with the electron beam; the
remaining 290 seconds was spent moving and allowing for the stage
to settle. A conservative estimate of the effective per-pixel data col-
lection rate for the displayed data is 940 pixels/second.

tion can be denoted with a single variable, φg. A com-
putationally efficient method that can take the intensity
vs. φ data at each pixel and output a continuous variable
that approximates φg without resorting to nonlinear fit-
ting methods for each pixel is desirable. The method used
here is borrowed from directional statistics[33] and is given
by:

φm(x, y) =
1

6
arg

[∫ 2π

0

I(x, y, φ) e−6iφdφ

]
.

This method is a symmetry adapted calculation of the an-
gular centroid of the φ-scan data and serves as a metric
of the peak center. The application of this formula to the
data is shown in Figure 2(k) using a circular color map
and shows an obvious segmentation of the image into three
grains with different orientation.

Images in an SEM are formed by rastering the beam
across the sample. This, in turn, will cause the diffrac-
tion pattern to translate at the detector plane and will
therefore not, in general, be centered on the optic axis. In
other words, real space coordinates affect the wavevector
selected by the mask. These translations require the field
of view to be ‘small’ where the definition of ‘small’ de-
pends on the type of measurement being performed. For
the DF measurement being performed here, the convolu-
tion of the mask transmission function and the observed
specimen diffraction pattern sets the relevant length scale.
For example, data collected using a beam convergence an-
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Figure 4: (a)-(d) Real space images of the same area of a graphene film exhibiting a bilayer region with two distinct orientations. (a) A
secondary electron image. (b) Annular dark-field image. The lacey carbon is identified via a thresholding procedure and colored black. The
detector acceptance angle, is given as β. (c) An orientation map using the same color bar as in Fig 3. Note that for multilayer regions with
large twist angles, the orientation map can no longer directly indicate the orientation of the graphene lattice. (d) An image derived from
the first three circular moments of the collected angular data that highlights the differences between monolayer regions and different bilayer
regions (see text for details). (e)-(g) Diffraction patterns from the spatial regions identified in (d). (h) Solid lines are the observed dark-field
intensity vs. φ for the spatial regions indicated in (d). Dashed lines are the analogous measurements except derived numerically from the
annular sector of the diffraction patterns shown in (e)-(g).

gle α = 5.3 mrad results in a bright field disc of ≈ 70µm
diameter at the mask plane enabling orientation mapping
on this length scale. Figure 3 shows the orientation map
over a full TEM grid square (53 µm field of view) of lacey
carbon supported monolayer graphene. Note that for a
field of view greater than the width of the bright field
disc, the convolution of mask transmission function and
specimen diffraction pattern can significantly bias the cal-
culated φm values away from φg and care must be taken
in the interpretation. Larger fields of view, however, can
easily be obtained by stitching together multiple fields of
view collected at different sample stage positions.

The angular resolution of the calculation of φm is pri-
marily limited by the ability to calculate the center of the
peak in intensity along the φ-axis (e.g. in Figure 2(j)).
Thus, while larger beam limiting apertures will increase
the total collected signal and also the maximum field of
view attainable, it will also increase the width of the peak
(with respect to the φ-axis) and thus have a deleterious
effect on the ability to localize the peak. This, however,
can be offset by improving the signal-to-noise with either
an increased signal collection time or post-processing de-
noising. The balance between these effects will depend on
the microscope being used, the sample being investigated,
and the information that is desired. For the orientation
map in Figure 3, the collection time is short (10.3 seconds
of integration per dark-field image) and could be easily ex-
tended if necessary. For the data in Figure 3, the standard

deviation of the φm values from a homogenous region of
pixels is used as a measure of the measurement resolution
and ranges from 1◦ at the center of the field of view to 3◦

at the extreme corners of the field of view.
This work demonstrates the ability of the φ-scan DF

technique to map grain orientation of monolayer graphene
films. In addition, it has the ability to lend insight into the
structure of multilayer structures. Figures 4(a)-(d) show
a region of graphene recorded with different imaging con-
ditions. Except for lacey carbon support structures, the
secondary electron image (Figure 4(a)) is relatively fea-
tureless. The annular DF image (Figure 4(b)), however,
shows a bright region the middle of the image that can be
attributed to multiple layers of graphene.[34] The corre-
sponding φm map suggests the bright center region may
have two distinct layer stackings. For a more descriptive
visualization of the data, quantities proportional to the
amplitude of the first three circular moments[33] are com-
puted at each pixel:

An(x, y) =

∣∣∣∣∫ 2π

0

I(x, y, φ) e−6niφdφ

∣∣∣∣ n ∈ {1, 2, 3} .
Then a decorrelation stretch algorithm[35] is used to gener-
ate RGB values from the three calculated amplitudes. This
color representation of the I(x, y, φ) data (Figure 4(d)) is
sensitive to changes in the shape of the intensity vs. φ
plots and suggests that the field of view contains three
different regions denoted I, II, and III.
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Diffraction patterns and intensity vs. φ plots for regions
I, II, and III are shown in Figures 4(e)-(h). The ratio of
the 1st and 2nd order diffraction spots show that region I
contains monolayer graphene which appears to extend into
all three regions. The diffraction pattern from region II is
consistent with a bilayer where the second layer is roughly
aligned with the supporting layer. For a pristine bilayer
at normal incidence, the 2nd order diffraction spots should
be ca. 3.6x as intense as the monolayer,[23] however, here
we observe a 1.9x increase (six-fold symmetry-averaged).
Additionally, the 1st order diffraction spot for the bilayer
should be the same intensity as the monolayer, and here
we observe a 1.4x increase. These observations are con-
sistent with the presence of strain in the bilayer (evident
as modulations in the intensity of the bilayer[36] in Figure
4(c)) and/or a variation of surface normal across the field
of view. The intensity vs. φ plot for region II shows a
two-fold increase in the intensity in the peak over region I
consistent with the assignment of region II as an aligned
bilayer. Region III yields a diffraction pattern that is the
superposition of two monolayer diffraction patterns where
the second layer is rotated by 28◦. Thus, the φ-scan DF
data can identify and quantify twisted bilayers provided
the twist angle is not so small as to cause significant over-
lap of the diffracted discs.

3. Discussion

We have shown that the φ-scan DF technique can sam-
ple the diffraction pattern of graphene determining lattice
orientation of monolayers and discerning the misorienta-
tion of twisted bilayers. For monolayer films the ultimate
resolution limitation is the beam spot size, though micro-
scope cleanliness and the buildup of surface contamina-
tion due to the electron beam can be problematic at high
magnifications. Although the upper limit on the sample
area that can be investigated in a single field of view is
based on the mixing between real and reciprocal space as
the beam scans the sample, tiling can also be used to ex-
pand the field of view arbitrarily. In the present case, we
demonstrate that orientation mapping on a 53 µm field
of view in < 9 minutes collected with an effective pixel
data collection rate of 940 pixels/second. An alternative
method of performing such an orientation mapping is to
use an imaging detector to record diffraction patterns at
each sample point,[37] however optically coupled sensors
will potentially suffer from lower signal-to-noise, and di-
rect electron sensors are not commercially available for the
SEM.[38] The single element diode detector used here is
ideal for the φ-scan DF technique, but a scintillator/PMT
based detector should be viable as well.

For monolayer films, the angular resolution of the orien-
tation map is primarily dominated by the signal to noise of
the plot of intensity vs. φ and is on the order of 1◦ for the
data in this manuscript. Increasing the sampling of φ at
the expense of experiment duration should improve this

resolution. Alternatively, techniques such as total varia-
tion denoising should improve the angular resolution via
spatial averaging.[39] For bilayer samples, the diameter of
the BF disc will limit the twist angle measurement, and
thus using smaller beam convergence angles and a larger
sampling of φ (i.e. smaller sample rotation increments)
should improve the twist angle resolution. Using the width
in φ of the 2nd order diffraction disc as the ultimate reso-
lution of the twist angle (using deconvolution) yields a 1.8◦

twist angle resolution for the smallest condenser aperture
on this microscope. Modern SEMs with adjustable con-
denser lenses and multi-lens condenser systems permit sig-
nificantly more parallel beams and thus higher resolution
measurements of the twist angle at the expense of spatial
resolution. Alternatively, analyzing moire patterns may be
more suitable for measuring very small twist angles.[36]

Herein, the 2nd order diffraction spots were chosen over
the 1st order diffraction spots and this deserves some com-
ment. First, we note that the same experiment/analysis
could have been performed using a mask that accepted the
1st order diffraction spots instead of the 2nd order diffrac-
tion spots, however, the 2nd order spots have several ad-
vantages. For monolayer graphene, the 2nd order spots
are nearly as intense as the first order spots, while the
larger scattering angle gives a lower background from the
contribution of non-crystalline scattering (i.e., contamina-
tion); thus, overall the signal to noise is improved. Addi-
tionally, larger scattering angles permit improved angular
resolution of the in-plane angle because while the diffrac-
tion spot size is unchanged, the circumference of the an-
nulus that they scatter into is increased. Finally, the 2nd
order diffraction spots are significantly more sensitive to
the presence of AB-stacked graphene due to the structure
factors.[31, 32] It is quite possible that other 2D materials
will benefit from a different mask geometry.

A significant benefit to performing these measurements
in an SEM is that almost everything is intrinsically com-
puter controlled if permitted by the microscope software.
The experiments performed here were fully automated and
required no user input during the course of collecting the
set of φ-scan DF images. Additionally, for microscopes al-
ready equipped with even the most rudimentary of trans-
mission detectors, only minimal hardware investment is
required – just a mask and sample holder needs to be cre-
ated. And while the mask used in this work has hexagonal
symmetry to match the graphene lattice, a simple circu-
lar aperture displaced from the optic axis also works. The
main benefits of using a hexagonal aperture are a six-fold
increase in signal and a reduced sensitivity to variations in
the surface normal of the sample. We note that the imag-
ing transmission detector[27] used to collect the diffraction
patterns in this manuscript is not necessary to perform the
φ-scan DF experiments – these diffraction patterns were
only used to clarify what the φ-scan DF experiments were
sampling.

It is worth mentioning how the φ-scan method pre-
sented here compares to more established SEM-based elec-
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tron diffraction techniques. The most common orienta-
tion mapping methods in an SEM – electron backscatter
diffraction (EBSD) and electron channeling contrast imag-
ing (ECCI) – use Kikuchi or channeling bands to deter-
mine the crystal orientation. The formation of Kikuchi and
channeling bands requires a dynamical diffraction model
and relies on multiple scattering.[40] In the case of single
or few-layer 2D materials at SEM beam energies, multi-
ple scattering is minimal prohibiting the observation of
Kikuchi/channeling bands; no data has been published to
our knowledge that is inconsistent with this understand-
ing. Therefore, while EBSD or ECCI are expected to be
useful for bulk-like samples, they are not expected to be
practical techniques for characterizing single or few-layer
2D materials.

Given its low atomic number and single layer thickness,
graphene is perhaps the most challenging case for 2D ma-
terial grain orientation mapping. Therefore, characteriz-
ing other two-dimensional materials should also be viable
with this technique. Perhaps the most notable limitation
of this technique is that it requires an electron transparent
(suspended) sample, however, layer transfer techniques are
widely known[41, 42] and the success of DF TEM implies
that this is not a particularly limiting issue.

4. Conclusions

In conclusion, we have presented the φ-scan DF imaging
technique for acquiring orientation maps of graphene in an
SEM. The technique is fast and should be directly appli-
cable to the vast array of existing and rapidly emerging
2D materials. Our hope is that by enabling DF imaging
of 2D materials in an SEM, this technique will allow a sig-
nificantly broader audience to perform quantitative char-
acterization of grain size and orientation, and thus better
understand the effects of grain boundaries on device per-
formance and reliability measurements.
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