fFop

Frontiers of Physics
https://doi.org/10.1007/s11467-018-0851-6

RESEARCH ARTICLE

! Institute of Physics, Laboratory for Ultrafast Microscopy and Electron Scattering (LUMES), Ecole Polytechnique Fédérale de

Convergent and divergent beam electron holography and
reconstruction of adsorbates on free-standing
two-dimensional crystals

T. Latychevskaia', C. R. Woods??, Yi Bo Wang??, M. Holwill??,
E. Prestat?, S. J. Haigh?*, K. S. Novoselov?3 1

Lausanne (EPFL), CH-1015 Lausanne, Switzerland
2 National Graphene Institute, University of Manchester, Ozford Road, Manchester, M13 9PL, UK
3S8chool of Physics and Astronomy, University of Manchester, Ozford Road, Manchester, M13 9PL, UK
4School of Materials, University of Manchester, Ozford Road, Manchester, M13 9PL, UK
Corresponding author. E-mail: T Konstantin. Novoselov@manchester.ac.uk
Received August 14, 2018; accepted September 6, 2018

Van der Waals heterostructures have been lately intensively studied because they offer a large variety
of properties that can be controlled by selecting 2D materials and their sequence in the stack. The
exact arrangement of the layers as well as the exact arrangement of the atoms within the layers, both
are important for the properties of the resulting device. However, it is very difficult to control and
characterize the exact position of the atoms and the layers in such heterostructures, in particular, along
the vertical (z) dimension. Recently it has been demonstrated that convergent beam electron diffrac-
tion (CBED) allows quantitative three-dimensional mapping of atomic positions in three-dimensional
materials from a single CBED pattern. In this study we investigate CBED in more detail by simulat-
ing and performing various CBED regimes, with convergent and divergent wavefronts, on a somewhat
simplified system: a two-dimensional (2D) monolayer crystal. In CBED, each CBED spot is in fact an
in-line hologram of the sample, where in-line holography is known to exhibit high intensity contrast
in detection of weak phase objects that are not detectable in conventional in-focus imaging mode.
Adsorbates exhibit strong intensity contrast in the zero and higher order CBED spots, whereas lattice
deformation such as strain or rippling cause noticeable intensity contrast only in the first and higher
order CBED spots. The individual CBED spots can thus be reconstructed as typical in-line holograms,
and a resolution of 2.13 A can in principle be achieved in the reconstructions. We provide simulated
and experimental examples of CBED of a 2D monolayer crystal. The simulations show that individual
CBED spots can be treated as in-line holograms and sample distributions such as adsorbates, can be
reconstructed. Individual atoms can be reconstructed from a single CBED pattern provided the later
exhibits high-order CBED spots. The experimental results were obtained in a transmission electron
microscope (TEM) at 80 keV on free-standing monolayer hBN containing adsorbates. Examples of
reconstructions obtained from experimental CBED patterns at a resolution of 2.7 A are shown. CBED
technique can be potentially useful for imaging individual biological macromolecules, because it pro-
vides a relatively high resolution and does not require additional scanning procedure or multiple image
acquisitions and therefore allows minimizing the radiation damage.

Keywords graphene, two-dimensional materials, van der Waals structures, electron holography,
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1 Introduction

In convergent beam electron diffraction (CBED) [1], an
electron wave of a wavelength much shorter than inter-
atomic distances passes through the sample and its phase

*Special Topic: Graphene and other Two-Dimensional Materials
(Eds. Daria Andreeva, Wencai Ren, Guangcun Shan & Kostya
Novoselov).

acquires a weak change caused by the interaction of the
electron wave with the atomic potential of the sample.
Because of the convergence of the incident wavefront, the
intensity distribution of the scattered wave in the far field
can be interpreted as acquired from a sample that is being
illuminated at different angles. This in turn allows cap-
turing three-dimensional information about atomic distri-
butions in the sample. Recently, CBED imaging of two-
dimensional crystals was demonstrated [2-4], where in-
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terpretation of CBED patterns was more straightforward
than in the case of three-dimensional crystals [5-12]. For
two-dimensional materials the interpretation of the inten-
sity contrast in individual CBED spots is simpler than
in the case of thick sample, because it directly maps the
atomic distribution and deformations such as ripples. The
sample position in a convergent electron beam can be
changed relatively easily by translating the sample along
the optical axis, which allows imaging the sample with
convergent or divergent electron beams. A question often
raised in this situation is whether imaging is preferable
with convergent or divergent electron beams. Below, we
answer this question by imaging the same sample in both
regimes. Another common question about CBED is the
interpretation of the CBED pattern, as it combines prop-
erties of a diffraction pattern with an in-line hologram
(a defocused image) of the sample. The positions of the
CBED spots are the same as the positions of the diffrac-
tion peaks. The intensity distribution within a selected
CBED spot is an in-line hologram (a defocused image) of
the sample, which is formed when convergent/divergent
waves illuminate the sample at an angle corresponding
to the diffraction angle of that particular CBED spot.
Therefore, the intensity distribution of each CBED spot
is unique. The expected resolution in the reconstruction
obtained from a CBED pattern is a topic that is often dis-
cussed. On the one hand, considering the CBED pattern
as a diffraction pattern, the resolution should be defined
by the position of the highest detected diffraction peak.
On the other hand, considering each CBED spot as an
in-line hologram, the resolution should be defined by the
Abbe criterion where the numerical aperture corresponds
to the hologram (CBED spot) size [13]. In this work we
address these issues by employing simulated and experi-
mental CBED patterns.

A monolayer of a two-dimensional crystal is a perfect
test model to explain the intensity distributions formed
in the zero and higher-order CBED spots. A general
scheme of CBED experimental arrangement is shown in
Fig. 1. Depending on the z-position of the sample (sam-
ple height), i.e., Af < 0 or Af > 0, the sample is illu-
minated with either a convergent or divergent incident
wavefront, respectively, which corresponds to underfo-
cus/overfocus in the imaging regime. The diameter of the
imaged sample area linearly depends on the defocus dis-
tance as |Af|-2tan«, where « is the convergence semi-
angle as shown in Fig. 1.

2 Simulated results

2.1 Imaging lattice deformations

In this section we explain and compare the intensity con-

trast due to lattice deformations, such as out-of plane or
in-plane ripples, when imaged in underfocus and overfocus
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Fig. 1 Convergent beam electron diffraction experimental
arrangement. (a) The sample (hBN) is positioned after the
focus of the convergent beam, which corresponds to overfo-
cus imaging conditions CBED, the sample height is Af > 0.
(b) The sample is positioned before the focus of the conver-
gent beam, which corresponds to underfocus imaging condi-
tions, the sample height is Af < 0. z = 0 is the virtual source
plane. « is the convergence semi angle. (%) is the first-order
diffraction angle.

regime.
The distribution of the scattered wave in the far-field
U(R) is given by

[ exp(&ikr) exp(ik|r — R|)
U(R) N/ . t(r) "] dr
exp(ikR)/eXp(iik:r) ., TR
x 7 . t(r)exp 1/{—R dr,

(1)

where + is for divergent/convergent wavefront, t(r) is a
transmission function of the sample, R = (X,Y, Z) is the
coordinate in the detector plane, r = (z,y, z) is the coor-
dinate in the sample plane, A is the wavelength of the elec-
trons, k = 27, and at R > r the approximation |r — R| ~
R — % is applied. We introduce K-coordinates as K =
(Ko, Ky, K.) = 2% (sin 9 cos ¢,sin v sin ¢, cos ) = k% =
%(X7KZ)7 |K| =k = 2%) K, = \/KQ_K% _Kza
where ¥ is the scattering angle and ¢ is the azimuthal
angle, and we re-write the distribution of the scattered
wave in the far-field in K-coordinates:

U(K,, K,) =~ exp(ikR) /exp(:l:ikr)t(x,%z)

x exp[—i(Kyx + Kyy)] exp(—iz K, )dzdydz.
(2)
2.1.1 Simulation procedure

Far-field wavefront distribution of the scattered wave was
simulated by calculating the sum
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U(Ky, Ky) = Z L(ri)bo(ri) exp[—i(Kexi + Kyyi)]

K2

x exp(—izi\/K? — K2 — K2), (3)

where L(r) is the distribution of atomic positions, ¢ runs
through all the atoms in the lattice, r; = (x;,y;,2;) are
the coordinates of the atoms, and ¢g(r) is the incident
wavefront distribution. g (r) is calculated by simulation
diffraction of the spherical wavefront on a limiting aper-
ture (second condenser aperture) positioned at a plane r:

Golr) = // a(m)exp(fikro) exp(ik|ro — r|)dr0, ()

ro |rog — 7|

where a(rg) is the aperture function. CBED pattern was
then calculated as I(K,, K,) = |U(K,, K,)|?.

In the next subsections we derived the phase shifts intro-
duced by in-plane and out-of-plane ripples, when imaging
in both convergent and divergent modes. A corresponding
sketch for atomic shifts is shown in Fig. 2.

2.1.2 Phase shift caused by an out-of-plane displacement,
convergent mode

For convergent mode, Af < 0, the wavefront scattered by
an atom at r = (z,y, z) is given by Eq. (2):
U(Ky, Ky) x exp(ikR) exp(—ikr)
x exp[—i(zK, + yK,)]exp(—izK.). (5)
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Fig. 2 Geometrical arrangement of scattering from two
atoms positioned at different (a) z- and (b) z-distances. (a)
The optical path length difference is given by lpiwe — lred,
where lhe = dz + VZ2+ 52 ~ dz + -Z; and lea =

(dz4+2)2+ 52 ~ % + dzcos¥, so that lbue — lred =

dz(1 — cos¥). (b) The optical path length difference (shown
in cyan) is given by dz sin 9.
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Wavefronts scattered by atoms positioned at r; =
(0,0,—|Af]), 1 = |Af] and r2 = (0,0, —|Af] + Az),
ro = | — |Af| 4+ Az|, are given by
Ur(Ky, Ky) x exp(ikR) exp(—ik|Af]) exp[iK,|Af]]
Us(Ky, Ky) o exp(ikR) explik(—|Af| + Az)]
x exp[—iK,(—|Af] + Az)].
The corresponding phases of the wavefronts are
¢1=kR—Kk[Af[+AfK,
P2 = KR+ E(—[Af|+ Az) - (-[Af|+ A)K.,  (7)

and the phase difference is given by
27
Ap, =p2—p1=0z(k—K.)= AZT(I —cos?), (8)

where we applied K, = 27” cos . The sketch of the optical

path length difference is shown in Fig. 2(a). The corre-
sponding simulations are shown in Fig. 3.
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Fig. 3 CBED patterns of a graphene monolayer with a an
out-of plane bubble simulated for Af = —2 pum (underfocus)
and Af = 2 pum (overfocus). (a, b) Sketches of the side view
of a graphene layer with atoms displaced out of plane due to
the presence of a bubble. (c, d) the corresponding simulated
CBED patterns. (e, f) phase shift introduced by the lattice
deformation into the probing electron wave, calculated at the
detector plane. For these simulations the bubble height is Az =
2 nm the imaged area is about 30 nm in diameter, the number
of pixels is 512 x 512 and AK = 3.51 x 107 m~!. The scale

bars in (c-f) correspond to 2 nm™*.
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2.1.3 Phase shift caused by an out-of-plane displacement,
divergent mode

For divergent mode, Af > 0, the wavefront scattered by
an atom at r = (z,y, z) is given by Eq. (2):

U(K,, K,) o« exp(ikR) exp(ikr)

x exp[—i(zK, + yK,)] exp(—izK.). (9)

Wavefronts scattered by atoms positioned at r; =
(0,0,Af), 11 = Af and ro = (0,0,Af + Az), 1o =
Af 4+ Az are given by

Uy (K, Ky) o exp(ikR) exp(ikAf) exp[—1K, A f],

Us(K4, Ky) o exp(ikR) explik(Af + Az)]

x exp| i (Af + Az)]. (10)

The corresponding phases of the wavefronts are

01 = kR + EAf — AfK,,

w2 =kR+Kk(Af+ Az)— (Af+A2)K,, (11)

and the phase difference is given by

Ap, =ps—p1 =Az(k—K,) = Az?(l —cos?), (12)
where we applied K, = 27” cos ). The sketch of the optical
path length difference is shown in Fig. 2(a). The phase
difference is the same as in the case of convergent probing
wavefront. The corresponding simulations are shown in
Fig. 3, the intensity inversion will be explained later.

2.1.4 Phase shift caused by an in-plane displacement,
convergent mode

For convergent mode, A f < 0, the wavefront scattered by
an atom at r = (z,y, z) is given by Eq. (2):
U(K,, Ky) x exp(ikR) exp(—ikr)
x exp[—i(zK, + yK,)] exp(—izK.). (13)
Wavefronts scattered by atoms positioned at r; =
(0,0, —|Af]) and o = (a+Ax,0,—|Af]), where r; = |Af|

and ry = \/(Af)2 + (a + Ax)? =~ |Af|, and a is the lattice
period, are given by

Ur(Ke, K,) o exp(kR) exp(—ik|Af]) expliEL|A ]
Us (K4, Ky) o exp(ikR) exp(—ik|Af])
x exp[—iK;(a + Az)] exp(iK,|Af]). (14)

The corresponding phases of the wavefronts are

01(Ky, Ky)) = kR—K|Af|+K.|Af],
pao(Ka, Ky) = KR—K|Af| =Koy (a+ Az)+ KC[Af], (15)

and the phase difference is given by

Apy (K, Ky) =pa(Ky, Ky)“Pl(va Ky) =—-K,(a+ Ax).
(16)
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When Axz = 0, the phase shift Ap = 27, and we obtain
Ap, (K., K,) = —KWMa =27, (17)

which corresponds to the position of the n-th-order diffrac-
tion peak

2
n—.

KM — 18

W =n? (18)

The phase shift due to a lateral shift Ax is given by
Apy(Ky, Ky) = —K; Az, (19)

which is an odd function of K,. Thus, for Az # 0
there will be additional phase shift in opposite CBED
spots, as for example in the spots (1010) and (1010), and
these phase shifts will be of opposite sign. At ¢ = 0,
Apy (K, Ky) = —K Az = —ZT“Axsinﬂ, the sketch of
the optical path length difference is shown in Fig. 2(b).
The corresponding simulations are shown in Fig. 4.

2.1.5 Phase shift caused by an in-plane displacement,

divergent mode

For divergent mode, Af > 0, the wavefront scattered by
an atom at r = (z,y, 2) is given by Eq. (2):
U(K;, Ky) x exp(ikR) exp(ikr)

x exp[—i(z K, + yK,)] exp(—izK,). (20)

Wavefronts scattered by atoms positioned at r; =
(0,0,Af) and ro = (a + Az,0,Af), where 11 = Af and
re = /(Af)2+ (a + Ax)? ~ Af, and a is the lattice pe-
riod, are given by
Uy (K5, Ky) o exp(ikR) exp(ikAf) exp[—iK,Af],
Ua(K,, Ky) x exp(ikR) exp(ikAf)
x exp[—iK;(a+Ax)] exp(—1K,Af). (21)

The corresponding phases of the wavefronts are
02(Ky, Ky) =kR+EAf — Ky(a+ Ax) — K.Af, (22)
and the phase difference is given by
A(Pa:(Km Ky) = @Z(Kma Ky) - SDI(KM Ky)
= —K.(a+ Azx). (23)
When Axz = 0, the phase shift Ap = 27, and we obtain

Apy(K,, K,) = —KYa = 2r, (24)

which corresponds to the position of the n-th-order diffrac-
tion peak

2
KM =nZ", (25)
a
The phase shift due to a lateral shift Ax is given by
Ap (K, Ky) = —K; Az, (26)

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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Fig. 4 Simulated CBED patterns of a graphene monolayer
with in-plane atomic shifts, where the atoms positioned at
x > 0 are displaced by Az = —10 pm. CBED patterns are
simulated for Af = —2 um (underfocus) and Af = 2 um
(overfocus). (a, b) Sketches of the side view of a graphene
layer with atoms displaced out of plane due to the presence of
a bubble. (¢, d) The corresponding simulated CBED patterns.
(e, f) Phase shift introduced by the lattice deformation into
the probing electron wave, calculated at the detector plane.
For these simulations the bubble height is Az = 2 nm the im-
aged area is about 30 nm in diameter, the number of pixels is
512 x 512 and AK = 3.51 x 107 m~*. The scale bars in (c-f)
correspond to 2 nm ™.

which is an odd function of K,. Thus, for Az # 0
there will be additional phase shift in opposite CBED
spots, as for example, in the spots (1010) and (1010), and
these phase shifts will be of opposite sign. At ¢ = 0,
Apy (K, Ky) = —K; Az = —%”Amsinﬁ, the sketch of
the optical path length difference is shown in Fig. 2(b).
The corresponding simulations are shown in Fig. 4. Al-
though the formulas for the phase difference is the same for
convergent /divergent wavefront, the intensity distribution
within a CBED spot is mirror-symmetrically flipped for
convergent/divergent wavefront, as evident from Fig. 4.

2.2 Imaging adsorbates

In this section we will explain the intensity contrast forma-
tion caused by the presence of adsorbates such as patches
of a second layer or individual molecules when imaged in
underfocus and overfocus regimes. We will also demon-
strate how adsorbates can be reconstructed from individ-
ual CBED spots and discuss the achievable resolution.

13606-5

One might think that CBED imaging at Af < 0
and Af > 0 should provide the same results. This is
correct except for when the imaged object is a weak
phase object, in which case the CBED patterns ac-
quired at Af < 0 and Af > 0 exhibit opposite con-
trast. This effect can be explained as follows. The in-
terference pattern is given by UoUjp + UjUg, where
UoUp, is the object term and UjUg is the twin im-
age term [14, 15], where Ugr = exp(ikR) and Up =
J o(r) exp(ik|r — R|)dr ~ exp(ikR) [ o(r)exp(—iKr)dr.
This gives UoUj, = [o(r)exp(—iKr)dr and U5Ugr ~
f o*(r) exp(iKr)dr, respectively.

Durlng reconstruction procedure, the object term Up U},

gives u(r) = [o(r)exp(—iKr)dr [exp(iKr')dK =
o(r’ ) and the twin term UJLURr gives u(r’) =
Jo*(r)exp(iKr)dr [exp(iKr')dK = o*(—7'). A

schematics of the positions of the reconstructed object
and its twin image is shown in Fig. 5, which illustrates that
a complex-valued object o(r) imaged in CBED at Af > 0
(positioned at z > 0) and a complex-valued object o*(—r)
imaged in CBED at Af < 0 (positioned at z < 0) give
rise to the same CBED pattern. The following happens
when the same object is imaged in divergent/convergent
modes. For a weak phase object the following approx-
imation holds o(r) = expl[iAp(r)] = 1 + iAp(r), and
the interference pattern measured in CBED at Af > 0
(object positioned at z > 0) is given by

(UoUg + U5UR)af>0(K)
x i/Agp(r)[exp(—iKr) — exp(iKr)|dr.

Positioning the same object at z < 0, that is measuring
it in CBED Af < 0 mode gives an interference pattern
described by

(UoUg + UoUr)af<0(K)

<ifan
fi/Acp(r’)[exp(iKr/) — exp(—iKr’)|dr’
= —(UoUg + UoUr)ar>o(=K),

r)[exp(—iKr) — exp(iKr)|dr

(27)

which is a spatially centro-symmetrical-flipped distribu-
tion, and when added to constant intensity term |Ug|? it
creates to an inverted intensity distribution. This effect
of inversion of the contrast and centro-symmetrical flip-
ping of the distributions within CBED spots was demon-
strated in the simulations shown in Fig. 3, and will be also
demonstrated in the experimental CBED patterns in the
following sections.

Monolayer can be described by transmission function
t(z,y) = explioV.(z,y)], where o = 21 "V, (z,y) is the
specimen projected potential, m is the relat1v1stlc mass of
electron, e is an elementary charge, and A is Planck’s con-
stant. For example, for graphene, at a radius of 0.1 A the
projected atomic potential of a carbon atom is 0.215 kV-A

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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Fig. 5 Convergent beam electron diffraction experimental
arrangement where it is shown that an object imaged in Af > 0
arrangement is the same as complex-conjugated object imaged
in Af < 0 arrangement.

and the interaction parameter o is 1.008 radian/(kV-A) at
a beam energy of 80 keV. This means that a single car-
bon atom will produce a total phase shift of 0.22 radians
[16], and graphene monolayer can be considered as a weak
phase sample.

As an example, we simulated and reconstructed CBED
pattern of monolayer graphene (G) with a patch (P) on
top, the results are presented in Fig. 6. The far-field distri-
bution of the scattered wave was simulated by calculating
the following integral transformation [17, 18]:

U(KxaKy) = 7%/ 1/)0(x,y,z)t(x,y,z)
x exp[—i(Kzz + Kyy)]

X eXp(—iZ\/mwxdydz, (28)

where 1) (z,y) the incident wavefront calculated as defined
by Eq. (4), t(z,y,2) =~ exp{io[Vg.(z,y) + Ve .(z,y)]},
where Vg .(z,y) is the total projected potential of the
monolayer graphene and Vp ,(x,y) is the total projected
potential of the patch. The total specimen projected po-
tential V; .(z,y), i = G,P was calculated as a sum
Vi=(r) = Z;‘V:1 v;,(r — 7;), where 7; is coordinate of j-th
atom and sum is performed over all atoms in the sample;
v; (1) is projected potential of a single carbon atom, it is
calculated as explained in Ref. [16]. Figures 6(a) and (b)
show the simulated phase distribution of the transmis-
sion function of the sample. The total specimen potential
was calculated by shifting the projected potential of a sin-
gle atom to the position of each atom in the sample and
summing the shifted potentials up (alternatively, it can
be simulated via convolution). The complex-valued wave-
front U(K,, K,) was calculated according to Eq. (28) by
applying single FFT. The CBED pattern was then calcu-
lated as I(K,, K,) = |U(K,, K,)?, shown in Fig. 6(c).
From the distributions of the individual CBED spots it
is apparent that the patch acts as a weak phase object
and creates an intensity contrast that is equal for all or-

13606-6

der CBED spots. This is a different situation than in the
case of lattice deformations, where the contrast increases
for higher order CBED spots. Thus, a weak phase objects
and lattice deformations can be clearly separated from
each other by simply comparing the contrast in high-order
CBED spots.

2.2.1 Reconstruction of individual CBED spots

Next, the zero-order and a first-order CBED spots were
reconstructed individually as in-line holograms. It was as-
sumed that the wavefront phase distribution in the de-
tector plane is known. This was done to create an ideal
situation (without twin image term), and to see what val-
ues of phase and amplitude are reconstructed in such an
ideal case. The reconstructions were obtained by solving
the following integral transformation [17-19]:

u(z,y, z) = %// U(Kg, Ky)expli(Kyz + Kyy)]

x exp(izy/K? — KZ — K2)dK,dK,, (29)
which was calculated by applying two FFTs as explained
in Ref. [18]. The amplitude and the phase distributions
were extracted from the reconstructed distribution as
|u(z,y, z)| and Arglu(z,y, 2)], respectively.

To interpret the contrast formation in an individual
CBED spot and its reconstruction we apply the following
consideration. For a graphene monolayer with adsorbates
residing on top, weak phase object approximation applies
and the transmission function can be written as

t(a?, y) ~ 1+ iUVG,z(x7 y) + iUVP,Z(x> y) (30)

The wavefront in the far-field can be represented as a sum
of three terms: U(R) = Uyp(R) + Ui(R) + Uz(R) that
correspond to the three terms in the transmission function
described by Eq. (30). The resulting intensity distribution
is given by |U(R)|?. Each CBED spot can be interpreted
as an in-line hologram which is formed by interference
between a reference and an object waves. In the zero-order
CBED spot the reference wave is provided by the non-
diffracted wave [term “1” in Eq. (30)] and the object wave
is provided by the diffracted wave [term “ioVg . (z,y) +
icVp (z,y)” in Eq. (30)]. In the higher-order CBED spots
there is only diffracted wave (no term “17), so that the
reference wave is provided by the wave scattered on the
graphene layer (term “icVg .(z,y)”) and the object wave
is provided by the wave diffracted on the adsorbates layer
(term “ioVp ,(z,y)”).

Before reconstruction the selected CBED spot was mul-
tiplied with apodization function which blurs the sharp
edges and set the values around the spot to a constant
value, this helps to avoid effect of diffraction on edges
(concentric fringes) superimposed onto the reconstruction
[18].

The reconstruction obtained from the zero-order CBED
spot is shown in Figs. 6(d-f). Here the contrast of the

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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Fig. 6 Reconstruction of CBED spots as an in-line holograms from simulated CBED pattern of graphene with a patch of
graphene on top. (a) Phase distribution of the simulated transmission function of a graphene monolayer. (b) Phase distribution
of the simulated transmission function of a patch of the second graphene layer residing on top of the first layer. (c¢) Simulated
CBED pattern, Af = —2 pum, imaged area is about 40 nm in diameter, electron energy 80 keV, intensity shown in logarithmic
scale, scalebar is 2 nm™*. (d) Zero-order CBED spot and reconstructed amplitude (e) and phase (f) distributions. (g) First-
order CBED spot and reconstructed amplitude (h) and phase (i) distributions. (j) The patch is rotated by 10°: Zero-order
CBED spot and the corresponding reconstructed amplitude (k) and phase (1) distributions. (m) The patch is rotated by 10°:
First-order CBED spot and the corresponding reconstructed amplitude (n) and phase (o) distributions.

13606-7 T. Latychevskaia, et al., Front. Phys. 14(1), 18606 (2019)
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reconstructed amplitude is almost zero, while the recon-
structed phase distribution resembles the patch shape and
quantitatively varies from 0 to 0.06 radian, which is less
than a phase shift expected from a single carbon atom
(0.217 radian). The discrepancy can be explained by the
fact that the obtained low-resolution reconstruction ex-
hibits phase distribution that is averaged over the patch.

The reconstruction obtained from the first-order CBED
spot is shown in Figs. 6(g—i). As already mentioned, in the
higher-order CBED spots the graphene layer provides the
reference wave (term “iocVg .(z,y)”) and the adsorbates
provide the object wave (term “ioVp ,(x,y)”). Therefore,
the interference is provided by Vi . (z,y) + Vp 2 (2, y) term
that is a real-valued distribution that is expected to be
reconstructed as amplitude. The reconstructions shown
in Figs. 6(g-1) demonstrate that indeed the reconstructed
amplitude distribution resembles the patch shape, while
the phase distribution is close to zero. The reconstructed
amplitude can be attributed to Vg .(z,y) in the areas sur-
rounding the patch and to the sum Vg .(z,y) + Vb 2 (z,y)
in the patch region. Because in the simulations we as-
sumed the same projected potential of atoms in the
graphene layer and in the patch, the reconstructed am-
plitude values are 1 a.u. and 2 a.u. in these areas, corre-
spondingly.

Rotated patch. To mimic situation when the deposited
object consists of atoms whose positions do not exactly
match the atomic positions of the supporting lattice, as
for example in the case of mismatching lattices (Moire pat-
terns) or a biological macromolecule, we simulated a patch
whose lattice was rotated relatively to the support lattice
by 10°, Figs. 6(j—0). Note that the intensity distribution
in the first- and higher CBED spots changed: the in-line
hologram formed by the patch remains at the same posi-
tion within CBED spot (centered), but the fringe pattern
becomes asymmetrical, comparing Figs. 6(g) and (m).

The reconstructions obtained from the zero-order
CBED spot are shown in Figs. 6(j-1), they are almost the
same as obtained for the not-rotated patch: amplitude and
phase distributions are correctly reconstructed, compare
Figs. 6(j-1) and Figs. 6(e, f). The amplitude and phase dis-
tributions reconstructed from the first-order CBED spot,
shown in Figs. 6(m-o), cannot be easily interpreted. The
reason is that the interference pattern in a CBED spot
is formed by two wavefronts originating from two virtual
sources. When the period and the orientation of the lat-
tices of the graphene support and the patch are matching,
the two virtual sources share almost the same position.
When patch is rotated, the position of the corresponding
virtual source is also rotated from its original position, this
creates an additional linear phase shift in the CBED spot
plane which is then superimposed onto the reconstruc-
tion. In principle, when the exact rotation of the patch is
known, the linear phase shift can be compensated and cor-
rect phase distribution of the patch can be reconstructed.
This is however only possible when the lattice period of the

13606-8

patch is the same as of the supporting lattice, which is not
true in a general case of a non-periodical macromolecule.
In the case of non-periodical object, the wavefront scat-
tered by the object does not exhibit the same diffraction
spots as the supporting lattice. Thus, a non-periodical ob-
ject residing on a crystalline support can be reconstructed
only from either the zero-order CBED spot [as we showed
in Figs. 6(d—f) and (j-1)] or the entire CBED pattern (as
we show below).

2.2.2  Reconstruction of entire CBED pattern

The reconstruction obtained from individual CBED spots
exhibit resolution limited by the CBED spot size. A higher
resolution can be in principle achieved when reconstruct-
ing the entire CBED pattern at once. The intensity dis-
tribution of a CBED pattern can be written in form of
“holographic” equation:

CBED = |Ug|* + |Up|* + U&Up + UcUp, (31)

where Ug and Up are the far-field distributions of the
waves scattered by the graphene monolayer and the patch,
correspondingly. Here Ug can be considered as a “refer-
ence” wave, whose distribution can be simulated for a per-
fect (no defects or ripples) graphene monolayer. Square
root of the CBED distribution multiplied with the phase
distribution of Ug provides a good estimation of Up:

ULUL +UcUS
VCBED ~ |Ug| + w, (32)
2|Ug|
UG UP
G

By propagating backward the wavefront from the detector
plane to the object plane we obtain the patch reconstruc-
tion as a weak phase object [Eq. (30)]:

U ioVp - (z,
UG+?P%1+10VG,Z(x,y)+w

ep (2, y)
2
The reconstruction consists of the following steps:
(1) Square root of CBED distribution multiplied

with the phase distribution of the reference wave Ug:

U
ﬁ CBED.

(2) The resulting wavefront is backward propagated to
the sample plane by taking inverse FT of the result of (1).

(3) The phase distribution ¢(z,y) is extracted from the
result of (2) and the phase distribution of the patch is
caleulated as pp(z,y) = 20 (2,9) — wo(@,y))-

As an example, a CBED pattern of a rotated graphene
patch on graphene lattice, shown in Fig. 7(a), was
simulated and reconstructed. To mimic realistic exper-
imental conditions, only CBED spots up to 5th order
were considered in the reconstruction routine. The phase
reconstructions obtained from the entire CBED pattern
are shown in Figs. 7(b, c¢). A slight background signal
superimposed onto the reconstruction is due to additional

~ expli(¢g (7,y) + )] = explig(z, y)]. (34)

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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Fig. 7 Reconstruction obtained from an entire CBED pattern. (a) Phase distribution of the transmission function of the
patch rotated by 10°. (b) Reconstructed phase distribution of the entire sample ¢(z,y). (¢) Reconstructed phase distribution of
the patch ¢, (z,y). (d) Phase distribution of the transmission function of the patch rotated by 10°, where atoms are randomly
shifted from their positions in the range 50 pm. (e) Reconstructed phase distribution ¢ (x,y) from CBED pattern of (d). (f)
Reconstructed phase distribution ¢, (z,y) from CBED pattern of (d) where Gaussian noise was added to the CBED pattern
such that signal-to-noise ratio = 5 for the first-order CBED spots.

terms caused by approximation in Eq. (33). When the po-
sitions of atoms are irregular, as in the patch shown in
Fig. 7(d), the reconstructed phase distribution exhibits
atomic positions that are arranged into a regular lattice,
not clear why but the reconstruction becomes very noisy,
shown in Fig. 7(e). When noise is added to CBED pattern
the resulting reconstruction also becomes noisier, but the
atomic positions are retrieved at the same positions as
from noise-free CBED pattern, shown in Fig. 7(f). The
recovered phase shift values are slightly below the orig-
inal phase shift values [compare, for example, Fig. 7(a)
and Figs. 7(b) and (c)], but it was noticed that when
more higher-order CBED spots are included into the re-
construction, the recovered phase shift values approached
the original values. It is therefore recommended for high-
resolution reconstruction to acquire CBED pattern with
higher-orders spots.

2.3  Resolution

Lateral (in the (z,y)-plane) resolution obtained in recon-
struction of an individual CBED spot can be evaluated
from the Abbe criterion: R = ﬁ, where NA = sina =
% and D is the diameter of the imaged area. For the
CBED pattern shown in Fig. 6 the resolution calculated
from the parameters (Af = 2 pm, D ~ 40 nm) amounts
to 2.1 A. This resolution also relates to the size of the
probing beam in focus. The corresponding reconstructions

obtained from individual CBED spots, shown in Fig. 6,
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exhibit the overall shape of the patch but the individual
atoms cannot be resolved.

The lateral and axial (along the z-axis) resolution ob-
tained in reconstruction from entire CBED pattern is
given by dy, = ﬁzy, and d, = A%Cz, where Ak, ,
and Ak, are the available range of k-values, Ak, =

k:—\/kQ—k? — k2

T, max y,max"*

For the parameters used in

the simulated example we calculate: d,, = 0.3 A and
d, =19 A. Tt should be noted that these values are far
from realistic values, because in the simulations we as-
sumed a rather optimistic range of scattering angles de-
tected up to 0.14 radian, when in reality scattering an-
gles within only a few milliradians are detected. Also, for
successful reconstruction, the supporting monolayer must
provide a perfect reference signal, meaning that it should
have no defects or ripples. Below we present experimen-
tal data which we reconstruct with the methods described
just above and demonstrate the practical limits.

3 Experimental results

CBED patterns were acquired in a probe side aberration
corrected Titan ChemiSTEM operated at 80 keV and a
convergence semi angle, «, of ~6-8 mrad. The conver-
gence angle provides the expected lateral resolution of
about R = ﬁ ~ 2.6 — 3.5 A when reconstructions are
obtained from the zero-order CBED spot; it should be

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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noted that the resolution does not depend on the defocus
distance. During experiment the convergence angle was
kept constant, and the sample height was changed by mov-
ing the sample along the optical axis. The images were
acquired with a 16 bit intensity dynamic range detecting
system.

The present study is not aimed to consider one mate-
rial in particular, but periodical or hexagonal materials
in general. The simulations were done for graphene and
the experimental images were obtained on hBN. These
two materials are only different in 1.8% of the lattice con-
stant and slightly different scattering amplitudes. Since
the chemical specificity of the scattering amplitudes was
not accounted for in the simulation, the simulated images
in the case of hBN would be the same as in the case of
graphene, only re-scaled by 1.8%.

3.1 Defocus sequence

Acquired experimental CBED patterns of an hBN mono-
layer sample at different Af are shown in Fig. 8, where
the diameter of the imaged area increases from 14 nm
(at Af = 1 pm) to 84 nm (at Af = 6 pm). The
hBN monolayer sample exhibits some occasional patches
of adsorbates, as evident from the high angle annular
dark field (HAADF) images shown in Figs. 8(a, b). The
HAADF image obtained after CBED pattern was acquired
at Af = 6 wm demonstrates that some patches vanished
due to radiation damage by the beam [Fig. 8(b)].

Adsorbates and crystal deformations can be easily dis-
tinguished from each other by comparing the intensity dis-
tribution in the zero-order and higher-order CBED spots.
For example, CBED pattern at Af = 2 um [Fig. 8(d)] ex-
hibits an elongated dark feature in the first-order CBED
spots that is not observed in the zero-order CBED spot.
This feature can be attributed to a ripple between the two
patches. Note that some elongated adsorbate structure
is observed in the “before” HAADF image but it is not
observed in the “after” HAADF image, Figs. 8(a, b) [in-
dicated by the yellow arrow in Fig. 8(b)]. This can imply
that the structure was destroyed during the TEM studies
but an imprint in form of a ripple remained in the hBN
support. At the same time, a bright feature is observed in
the zero-order CBED pattern at Af = 2 pm [Fig. 8(d)]
which can be attributed to a remaining fragment of the
elongated structure.

3.2 Underocus and overfocus imaging

Experimental CBED patterns of the same region of hBN
sample acquired at Af = 5 pm and Af = —5 um are
shown in Fig. 9. HAADF images acquired before and after
CBED imaging demonstrate no visible radiation damage
of the sample [Figs. 9(a, b)]. CBED patterns [Figs. 9(c)
and (e), respectively] exhibit inversion of the contrast, as
expected for weak phase objects. Also the intensity dis-
tributions within CBED spots exhibit centro-symmetrical
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Fig. 8 Experimental CBED patterns of monolayer hBN at
different sample height Af. (a, b) High angle annular dark
field (HAADF) images of the sample before and after CBED
patterns acquisition. (c—f) CBED patterns at Af = 1,2,4 and
6 um. The imaged area is marked by the corresponding colored
circles in (a). The yellow arrow indicates the feature which is
not observed in the zero-order spot but is observed in the first-
and higher order CBED spots. The intensity of the central spot
is reduced by factor 10%. The left scale bars correspond to the
detector plane, the right scale bars correspond to the sample
plane.

flipping, see the magnified zero-order CBED spots shown
in Figs. 9(b) and (c). These two effects are expected for
Af <0and Af > 0 regimes as was discussed above.

In the CBED patterns shown in Fig. 9, the higher-order
CBED spots show somewhat different intensity distribu-
tions than the zero-order spot. The explanation is that
there are some surface perturbations such as ripples which
can be imaged only in the first-order but not in the zero-
order CBED spots. For example, for the CBED pattern
shown in Fig. 9, there is a darker region in the first order
CBED spots as indicated by magenta arrow. Such a dark
region is not observed in the zero-order CBED spot and
thus cannot be attributed to an adsorbate. The HAADF
images of the sample also confirm that there are no adsor-
bates at this location, as indicated by the magenta arrows
in Figs. 9(a, b). Also, as already mentioned above, the in-
tensity contrast due to atomic mis-arrangements is higher
in the second-order than in the first-order CBED spots.

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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Fig. 9 CBED patterns of monolayer hBN acquired at Af >
0 and Af < 0. (a, b) High angle annular dark field (HAADF)
images of the sample before and after CBED imaging; the im-
aged area is marked by the red dashed circle. (¢) CBED pat-
tern acquired at Af = 5 pm and (d) the zero-order CBED
spot distribution. (e) CBED pattern acquired at Af = —5
pm and magnified distributions of (f) the zero-order, (g) the
first-order, and (h) the second-order CBED spots.

Thus, the dark region can be explained by a surface de-
formation at that location, probably because of the stress
between the two adjacent adsorbates.

3.3 Reconstruction of zero-order CBED spot as an
in-line hologram

Zero-order CBED spot of a CBED pattern can be treated
as an in-line hologram and by calculating reconstruction
integral as given by Eq. (29), the amplitude and phase
distributions of the transmission function of the sample
cab be obtained. Below we provide several examples of
such reconstructions.
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Example 1. HAADF images of the sample acquired be-
fore TEM studies are shown in Figs. 10(a) and (b), there
are no adsorbates in the studied area. The acquired CBED
pattern [Fig. 10(c)] exhibits very weak intensity contrast
in the zero-order CBED spot, shown in Fig. 10(d). The
amplitude and phase distributions reconstructed from the
zero-order CBED spot are shown in Figs. 10(e—g), they ex-
hibit some adsorbate patches. One selected patch exhibits
strong contrast in the amplitude distribution [Fig. 10(f)]
which implies that the patch consists of some chemical
elements that cannot be approximated as weak phase ob-
jects.

Example 2. Another example demonstrates the resolu-
tion limit of the reconstruction obtained from the zero-
order CBED spot. HAADF image of the sample acquired

2 nm-1
e

2
(c) EEEE—

)

Fig. 10 Reconstruction of zero-order CBED spot as an in-
line hologram. (a, b) High angle annular dark field (HAADF)
images of the sample before CBED imaging. (¢) CBED pat-
tern. The imaged area is marked in (a) and (b). The intensity
of the central spot is reduced by factor 10°. (d) The zero-order
CBED spot and (e, f) the amplitude and (g) phase distribu-
tions reconstructed at the sample height Af = 2 pum.

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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(d) Zero-order spot
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Fig. 11 Reconstruction of zero-order CBED spot as in-line
hologram. (a, b) High angle annular dark field (HAADF) im-
ages of the sample before CBED patterns acquisition. (c)
CBED pattern. The imaged area is marked in (a) and (b).
The intensity of the central spot is reduced by factor 10°. (d)
The zero-order CBED spot distribution and (e, f) the phase
and amplitude distributions reconstructed at Af = 3.6 pm.

before TEM studies [Figs. 11(a, b)] shows that there
are some adsorbates in the studied area. The acquired
CBED pattern exhibits strong intensity contrast in the
zero-order CBED spot, shown in Figs. 11(c, d). The re-
constructed amplitude distribution, shown in Fig. 11(e),
exhibits blurred structure when compared to the recon-
structed phase distribution shown in Fig. 11(f). This can
be an indication that the object exhibits only phase-
shifting properties and no absorption, so that its ampli-
tude is close to one. For purely phase objects, the ampli-
tude and phase distribution cannot be correctly recovered
from a single reconstruction but they can be recovered
by applying an iterative procedure [20, 21]. The recon-
structed phase distribution, shown in Fig. 11(f), shows
the same patches distribution as imaged in the HAADF
images. A selected feature [shown with the blue arrows in
Fig. 11(f)] exhibits width of about 8 A.

Ezamples 3 and 4. Two more examples of sample dis-
tributions reconstructed from the zero-order CBED spot
are shown in Figs. 12 and 13. Adsorbate patches of sub-
nanometre sizes are observed in the reconstructed phase
distributions and can be cross-validated with the corre-
sponding HAADF images. Also here, the reconstructed
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amplitude distributions exhibit blurred structure when
compared to the reconstructed phase distributions, which
can be an indication that the imaged objects exhibit only
phase-shifting properties and their amplitude is close to
one.

3.4 Reconstruction of entire CBED pattern

In the reconstruction obtained from an entire CBED pat-
tern the resolution of the reconstructed structures is given
by the order of the available CBED spots. For example, if
CBED pattern exhibits spots only up to the first order, no

Fig. 12 Reconstruction of zero-order CBED spot as in-line
hologram. (a) High angle annular dark field (HAADF) images
of the sample before CBED imaging; the imaged area is marked
by the red dashed circle. (b) CBED pattern. (c) Zero-order
CBED spot. (d, e) The amplitude distribution reconstructed
from the zero-order CBED spot at Af = 5 um. (f-g) The
phase distribution reconstructed from the zero-order CBED
spot at Af =5 pm. (h) Zoomed-in region in the HAADF im-
age for comparison the reconstructed amplitude and phase dis-
tributions of the same region (marked by the magenta square).

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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Fig. 13 Reconstruction of zero-order CBED spot as in-line
hologram. (a) High angle annular dark field (HAADF) im-
age of the sample area; the imaged area is marked by the red
dashed square. (b) CBED pattern. (c) The zero-order CBED
spot. (d, e) amplitude and phase distributions reconstructed
from the zero-order CBED spot at Af =5 um.

atomic resolution can be expected in the reconstruction.
For such CBED patterns, reconstruction of only zero-order
CBED spots is meaningful; this is the case for all CBED
patterns shown in Figs. 8, 10, 11, and 13. For a success-
ful high-resolution reconstruction the acquired CBED pat-
tern should satisfy the following conditions: (i) it should
include higher than the first order CBED spots. (ii) The
range of measured K-values also defines the pixels size
in the sample domain. Thus, the range of measured K-
values must be selected to allow sampling with at least 2
pixels between the atoms. (iii) The pixel size in the detec-
tor plane should be selected such that the reconstructed
area size is larger than the illuminated area size. (iv) The
signal-to-noise ratio should allow detection of interference
patterns in the higher-order CBED spots.

At the moment of the experimental acquisition we
were not aware of these conditions, and we did not ac-
quire CBED patterns with higher-order CBED spots.
An attempt to obtained high-resolution reconstruction
from CBED pattern which exhibit up to the second-order
CBED spots is shown in Fig. 14. The reconstruction proce-
dure was the same as described above where the reference
wave was created as follows. A lattice with period that
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-0.143 ... 0.221 rad

Fig. 14 Reconstruction of entire CBED spot. (a) High an-
gle annular dark field (HAADF) image of the sample area; the
imaged area is marked by the red dashed square. (b) CBED
pattern. (c¢) Phase distribution reconstructed from the zero-
order CBED spot by treating the CBED spot as an in-line
hologram (low-resolution reconstruction). (d) Phase distribu-
tion of the adsorbate reconstructed from the entire CBED.

would match the position of CBED spots was created and
the scattered wave was simulated. The measured CBED
pattern was low-pass filtered (blurred) until no interfer-
ence pattern was observed in the CBED spots. The phase
of the simulated scattered wave was superimposed with
the amplitude obtained from the low-pass filtered experi-
mental CBED pattern, the resulting complex-valued dis-
tribution gave the reference wave in the detector plane.
Although the resolution in the reconstruction shown in
Fig. 14(d) nearly allows resolve individual atoms, the lat-
tice deformations can be clearly seen in the reconstruction.

4 Discussion and conclusions

In conclusion, we showed that CBED of two-dimensional
monolayer crystals allows imaging adsorbates and lattice
deformations in one single acquisition. Any shift of an
atom from its ideal position in the lattice directly trans-
lates into enhanced or reduced intensity value. The sym-
metry of the intensity distribution can be traced back to
whether the atomic shift occurred in lateral or in axial di-
rections. By comparing the intensity distributions in zero-
and higher order CBED spots, the contributions from ad-
sorbates and lattice deformations can be clearly separated.
When the probing wavefront is changed from convergent
to divergent, weak phase adsorbates cause a contrast in-
version in the CBED spots intensity distributions. It is
known that in-line holography (also called defocus imag-
ing) is the best approach to acquire weak phase shifting

T. Latychevskaia, et al., Front. Phys. 14(1), 13606 (2019)
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objects: weak phase objects create a high contrast interfer-
ence pattern, while they exhibit no contrast when imaged
in in-focus mode. A prominent example was imaging DNA
molecules embedded into ice, reported by Matsumoto et
al., where the in-focus image exhibited too weak contrast
but presence of DNA molecules could be identified in their
in-line holograms [22]. Each individual CBED spot can be
treated as in-line holograms and the distribution of adsor-
bates can be reconstructed. The resolution of the recon-
structed distributions can be evaluated by the Abbe cri-
terion and provided by the divergence angle. The conver-
gence angle can be increased until the CBED spots begin
to overlap, which occurs at sin o = % sin 9™ where 9() is
given by the first diffraction order sind® = & where

d™ is the lattice period. This gives the maximal possible

resolution of R = QSf‘na ~ —2 = d1) which does not

~ sino@®
depend on the wavelength Slfnthe probing electrons. The

obtained resolution of about 3 A makes the CBED imag-
ing potentially interesting for imaging individual biologi-
cal macromolecules deposited onto two-dimensional crys-
tal support [23]. The possibility to achieve high resolution
in in-inline holographic imaging was recently reported by
Adaniya et al, who imaged gold nano-particles and car-
bon nano-fibers by employing 20 keV energy electrons, at
a resolution of ~1 nm defined by the divergence angle
of 4.2 mrad [24]. The idea of studying biological macro-
molecules deposited onto two-dimensional crystal support
has been intensively explored lately [25]. The reconstruc-
tions of polymersome deposited onto graphene were ob-
tained from a sequence of 40 focal-series images [26] by
the exit wave reconstruction method [27]. We showed that,
in principle, a single CBED pattern is sufficient to recon-
struct the sample distribution, which potentially allows
minimizing the electron dose required for imaging individ-
ual biomolecules. We also showed in the simulated exam-
ples that reconstructions at atomic resolution are possible
provided the acquired CBED pattern satisfies the follow-
ing conditions: it contains the higher-order CBED spots,
it is sampled with AK values that allow reconstruction of
the area that exceeds the illuminated area, and the signal-
to-noise ratio in higher-order CBED spots is sufficient to
resolve the interference pattern. To conclude, CBED imag-
ing allows encoding the exact three-dimensional atomic
positions in CBED patterns, which then in principle can
be accurately retrieved by applying a corresponding nu-
merical procedure.
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