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Abstract
Nanoparticles have a wide range of applications due to their unique geometry and arrangement of atoms.
For a precise structure-property correlation, information regarding atomically resolved 3D structures of
nanoparticles is utmost bene�cial. Though modern aberration-corrected transmission electron
microscopes can resolve atoms with sub-angstrom resolution, an atomic-scale 3D reconstruction of
nanoparticle is a challenge using tilt series tomography due to high radiation damage. Instead, inline 3D
holography based tomographic reconstructions from single projection registered at low electron doses
are more suitable for de�ning atoms dispositions at nanostructures. Nanoparticles are generally
supported on amorphous carbon �lm for TEM experiments. However, neglecting the in�uence of carbon
�lm on the tomographic reconstruction of the nanoparticle may lead to ambiguity. In order to address this
issue, the effect of amorphous carbon support was quantitatively studied using simulations and
experiments.  

Introduction
Nanoparticles have immense potential applications in various �elds ranging from electronics [1] to
renewable energy[2], medicine[3] to agriculture sectors[4] due to their unique physical [5] and chemical
properties [6]. To study structure-property correlation precisely, atomically resolved 3D structural
information of nanoparticle is very crucial[7]. Tomographic techniques such as atom probe tomography
(APT)[8] and electron tomography[9] are the most popular techniques for 3D reconstruction of
nanostructures. The major challenges that limit the use of APT for atomic-scale characterization of
nanoparticles are sample preparation technique and escape of atoms during acquisition. The
nanoparticles should be embedded in a matrix for APT analysis without residual voids[10],[11]. These voids
create artefacts during 3D reconstruction, and loss of atoms (around 50 %) limits the atomic-scale
resolution in tomograms[8]. On the contrary, the sample preparation technique of nanoparticles for
transmission electron microscope (TEM) experiment is straightforward, and pristine structural details can
be retrieved using electron tomography [9],[12]. Based on the used modes of operation of TEM, electron
tomography can be classi�ed as; (1) Scanning transmission electron microscope (STEM) based and (2)
TEM based. STEM tomography reconstructs 3D structure from  2D projected images acquired at different
angles by rotating or tilting the specimen[13],[14]. For reconstructing atomic resolution tomograms this
technique faces several challenges; (1) the ‘missing wedge’ results in the incomplete acquisition of tilt
series images due to limited tilt (± 70˚) of the sample holders[15] ,(2) radiation damage of beam sensitive
samples limits types of sample that can be examined [16] and  (3) it is extremely di�cult to align tilt series
images exactly to the common axis[17]. Hence, TEM based tomographic technique from a single
projection at a low electron dose is suitable for tomographic reconstruction of nanoparticles[9],[18]. TEM
based tomography,  also termed as in-line 3D holography[9], determines composition and depth
information from the exit wave at the exit surface of the sample. The exit wave comprises of entire �eld
information [19],[20],[21],[22], such as amplitude and phase retrieved from the complex-valued exit wave
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reconstruction using a set of high-resolution focal series images along with a low index zone axis
orientation. The column mass and exit surface geometry information are obtained by the electron
channelling theory [23],[24],[25] using a reconstructed exit wave. To satisfy electron channelling, the incident
electrons should scatter dynamically and channel through the atomic columns without interfering the
neighbouring atomic columns. The atoms in the atomic column focus the electron wave, leads to periodic
oscillation of wave over a constant thickness, known as extinction distance. To channel incident
electrons, the specimen should be thin, and distances between atomic columns orthogonal to the
projection direction should be greater than 1 Å[23]. Electron channelling theory works well for both
periodically crystalline objects as well as for non-periodic molecular structure and defective crystals[26].
Till now, simulated structure of gold wedge sample[18], bi-layer graphene and non-periodic oleic acid
molecules[26] were reconstructed in 3D at atomic resolution. Also, atomic resolution tomographic
reconstruction of experimental bulk specimens such as gold bridge, MgO molecule and germanium
wedge shaped sample were reported in the literature [9]. Nanoparticles are generally supported on
commercially available amorphous carbon �lm deposited on Cu mesh grids. In most of the cases,
supporting amorphous carbon �lms effects are being neglected during interpretation of atomic resolution
images of nanoparticles though it was reported recently that carbon support induces lattice strain
artefacts within nanoparticles[27].  So far, atomic resolution tomograms of NiO[28], CeO2 and MoS2

nanoparticles[29] have been presented in conference proceedings but the in�uence of supporting
amorphous carbon �lms on atomically resolved tomographic reconstruction has not been considered yet
which leaves ambiguity in �nal reconstructed tomogram. The motivation of this present work is to
uncover the in�uence of supporting amorphous carbon �lms on tomographic reconstructions of
nanoparticles quantitatively.

Results And Discussion
1. Simulation results:

Figure 1 portrays the in�uence of supporting amorphous carbon �lm on the atomically resolved
tomographic reconstruction of simulated disc shape single-crystalline non-defective silver nanoparticle
from single projection using in-line 3D holography[9].

Each row of Fig.1 displays the results related to simulated nanostructures comprising nanoparticle and
amorphous carbon support of varying tp/tac ratio, where tp is the thickness of the nanoparticle and tac is
the thickness of supporting amorphous carbon �lm. Column 1 and column 2 (from left to right) of Fig. 1
represent the simulated nanostructures comprises nanoparticle supported on amorphous carbon �lm and
the reconstructed phases of the complex valued exit waves of various tp/tac ratios and density (ρC = 2.1
g/ cc and 3 g/ cc) along [001] direction respectively. For each nanostructure, one simulated TEM image
from the set of through focal series and corresponding amplitude of the reconstructed exit wave is
presented in �rst two columns of Fig. S1. The reconstructed phases are shown in column 2 of Fig. 1
reveal that half of the particle is hanging in a vacuum while the rest is supported on amorphous carbon. It
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is noticeably evident that the atomic columns gradually loose contrast and become blurred with
increasing carbon thickness. Complex valued wave is retrieved at the exit surface (exit face) of the
amorphous carbon block; hence the atomic columns with increasing carbon thickness become out of
focus. As an outcome, the interface between the unsupported and carbon-supported region becomes
prominent with increasing carbon thickness.

The image region marked with a yellow rectangle box in row 1, column 2 includes total of 200 atomic
columns distributed equally in both unsupported and supported regions. Precisely the same region is
maintained for all the simulated nanostructures for tomographic reconstruction[9]. To obtain the focus
corrected wave (FCW)[9], the wave reconstructed at the exit surface is propagated locally. The correct
defocus value for each atomic column of the selected region is calculated using maximum propagated
intensity (MPI) criteria[18]. According to this criteria, the background-subtracted wave is obtained by
normalising reconstructed exit wave with valley wave (background). The background-subtracted waves
were propagated in a defocus range of -20 to +20 Å with a defocus step of 1 Å for all cases of this
present work. The exact focus for an atomic column was determined by �nding the maximum intensity of
the propagated wave as a function of defocus. Since the defocus range was different for each carbon
thickness, the defocus values were normalised by subtracting the average defocus values of unsupported
regions of each atomic column. The intensity pro�le of two different atomic columns (A and B type
stacking) of the unsupported region is shown in column 3 of Fig. S1 for all the simulated nanostructures.

The FCW plotted in the complex plane, known as Argand plot, provides visual insights regarding the
interaction of accelerated electrons with matter[24]. Column 3 of Fig. 1 represents the mass circle in
Argand plane (Argand plot) and phase angle θ’. It is clearly visible that with increasing carbon thickness,
the red dots representing the complex-valued FCWs are scattered away from the mass circle. For same
tp/tac ratio, scattering is even higher for higher carbon density as evident from the mass circle of row 6
(tp/tac = 0.25*, ρC = 3 g/cc)

Column 4 of Fig. 1 represents the normalized focus maps that represent the exit surface geometry or
surface roughness of simulated Ag disc-shaped nanoparticle. The normalised focus maps indicate that
in the absence of carbon, the exit surface exhibits uniform roughness, which proves the pro�ciency of the
tomographic reconstruction procedure adopted in this work. In unsupported regions, two adjacent atomic
columns with A and B type stacking exhibit a defocus difference of 2 Å (column 3 of Fig. S1) that is equal
to the difference in distance along direction [001] between A and B layer of Ag unit cell (Table 1). The
histogram of the normalized defocus values of the unsupported region reveals equal counts for two
alternate atomic columns with a difference in focus values of 2Å (Fig. S2). A similar result was reported
by Chen et al.[18] for 3D reconstruction of Au wedge sample.

Table 1: List of TEM image simulation parameters, phase change per atom, absolute defocus
error and number of atoms deviation present on simulated nanoparticles with varying tp/tac
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ratios where carbon densities are 2.1 g/cc and 3 g/cc (*). Particle thickness (tp) = 3.6 nm and
amorphous carbon film thickness (tac) = 0.9, 1.8, 3.6, 7.2 and 14.5nm respectively.

Sl.
No.

Particle Lattice
param-

eter
(Å)

Debye-
Waller factor

(Å2)

Phase
change

per
atom
(rad)

tp/tac
ratios

Defocus
RMS error

(nm)

Number of atoms
deviation (%)

±1 ±2 ±3 ±4 ±5

1. Ag 4.079 20 0.13 4 0.14 7 0 0 0 0
2 0.20 14 0 0 0 0
1 0.24 21 1 0 0 0

0.5 0.26 42 2 0 0 0
0.25 0.52 55 17 5 0 0
0.25* 0.56 47 18 14 3 0

2. Cu 3.597 5 0.12 4 0.16 6 0 0 0 0
2 0.21 17 0 0 0 0
1 0.24 34 2 0 0 0

0.5 0.31 41 2 0 0 0
0.25 0.35 48 17 2 0 0
0.25* 0.46 48 17 6 4 2

3. Au 4.065 20 0.19 4 0.10 9 0 0 0 0
2 0.15 14 0 0 0 0
1 0.18 31 0 0 0 0

0.5 0.19 36 1 0 0 0
0.25 0.27 41 3 0 0 0
0.25* 0.29 34 17 2 0 0

On the other hand, comparing the focus map (column 4 of Fig. 1) and histograms of the normalised
defocus values (column 1 of Fig. S2) of supported and unsupported parts of the Ag disc reveal that with
increasing carbon thickness and density, the variation in focus values of the atomic columns increases.
Therefore, it can be stated that the presence of amorphous carbon support modi�es the exit surface
geometry of a nanoparticle.

 The phase shift per atom is in�uenced by the electron dose rate and thermal vibration of the atomic
column[30]. This value was calculated by simulating a wedge sample structure with varying number of
atoms from one to four with different Debye-Waller factors.  Column 5 of Fig. 1 illustrates the mass
thickness map, which represents the number of atoms in each atomic column. The plot of phase of FCW
with respect to the number of atom for all tp/tac ratio is shown in column 4 of Fig. S1. Mass thickness
map of the unsupported region indicates two types of atomic columns, those are periodically arranged
and consist of 9 and 10 atoms respectively, that is evident in the histogram shown in row 1, column 2 of
Fig. S2. The carbon-supported regions exhibit the randomness in atom counts. The error in atom counts
for each column increases with increasing supporting carbon thickness and density which is evident in
the histograms of column 2 of Fig. S2. Therefore it can be stated that the amorphous carbon support
randomly modi�es the atom count in atomic columns within the imaged region.
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Chen et al. reported that the valley/background wave between atomic columns plays a signi�cant role in
normalizing reconstructed exit waves to calculate exact focus by MPI criterion and FCW at the exit
surface[18]. The selection of valley waves is very crucial in the tomographic reconstruction of nanoparticle
supported on amorphous carbon �lm and the procedure used in the present study is described in the
methods section. Two different options, such as single and average valley waves surrounding the
projected atomic columns, were tested. To compare the effectiveness between the options of valley wave
selections, the imaged region marked with green rectangle box in row 3, column 2 of Fig. 1, was
nominated. Changes in phase value of background (valley wave) and atomic columns (FCW) after
normalization and propagation are plotted in Fig 2 A and B, respectively. In Fig. 2A, the blue (single valley
wave) and the red line (average valley wave) are merged in the unsupported region because the crystal is
homogeneous; hence both valley waves experience the same mean inner potential[18]. In the carbon-
supported region, the deviation associated with the blue line is more as compared to the red line. Since
the four valley waves experience different mean inner potentials, their average value reduces the
variation; hence the error in phase value of the average valley wave is less as compared to single valley
wave. In Fig. 2B, the zig-zag pattern shown in the phase of FCWs in the unsupported region is due to the
alternating periodic array of 9 and 10 atoms in atomic columns. Whereas in carbon-supported region, the
zig-zag pattern of both blue and red lines is modi�ed both in amplitude and periodicity. Here also blue line
deviates more than the red line. Therefore, it can be stated that the error in atom count deviates from
actual value in case of selecting single valley waves than the average one.

The error in focus map calculation occurs due to the deviation in both the phases of valley wave and
FCW of atomic columns, as shown in Fig. 2C and D. The phase of valley wave depends upon the
combination of phase shift due to mean inner potential of nanoparticle and amorphous carbon
support[31]. The expression for the phase of valley wave (Φvalley) is given as,

Φvalley = Φnanoparticle + Φcarbon

Φvalley = σ (Vp tp + Vac tac)

Where,

σ = relativistic electron interaction constant

Vp = mean inner potential of the nanoparticle

tp = thickness of nanoparticle along electron bean direction

Vac = mean inner potential of the amorphous carbon support

tac = thickness of amorphous carbon support
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The phase of valley wave is calculated for the nanostructure shown in row 3, column 1 of Fig. 1 using the
above equation to validate the results presented in Fig. 2A. The σ for 300 keV accelerating voltage is
0.00065 rad/(eVÅ)[18], Vp for Ag nanoparticle is 23.2 V[32], as per simulation tac and tp both are 36 Å and

Vac for amorphous carbon (2.1 g/cc) is 10.7 V[31]. The modulus of the phase of the valley wave due to an
Ag nanoparticle is 0.542 rad calculated using the above equation, which is very close to the phase value
of valley wave (0.5 rad) obtained from the analysis of the unsupported region of nanoparticle as shown
in Fig. 2A. The modulus of single valley wave of supported region of nanoparticle shown in Fig. 2A varies
from 0.03-0.27 rad. The calculated modulus of phase of valley wave due to amorphous carbon is 0.25
rad, which lies within the above-mentioned range. Therefore, it is con�rmed that the amorphous carbon
presence modi�es the phase of the valley wave. The error in phase of valley wave affects the calculation
of exact focus for an atomic column, which in turn modi�es the phase of FCWs and number of atoms
(atom count) in atomic columns. This error can be minimized by local averaging of valley waves around
the atomic columns.

For quantitative analysis, focus and mass thickness calculation errors of simulated Ag nanoparticle
supported on amorphous carbon having tp/tac =1 were estimated for single and average valley wave
selections and presented in Fig. 2 C and D, respectively. The root mean square (RMS) error in carbon-
supported region of the focus map was calculated by taking an unsupported region of tp/tac = 4 as a
reference, which has a periodic array of normalized defocus values of -1Å and +1Å as shown in the
histogram of Fig. S2A.  This unsupported region of tp/tac = 4 was selected to nullify the error that occurs
at the supported/unsupported interface with increasing carbon thickness. The error in atom count was
also estimated by considering the same unsupported region as reference. The unsupported region has a
periodic array of 9 and 10 atoms in the atomic column, as shown in histogram of row 1, column 2 of Fig.
S2. The deviation in atom counts in each atomic column w.r.t the atom count of corresponding atomic
columns in the unsupported region as mentioned above, was considered as mass thickness calculation
error. The percentage of atomic columns with error in atom count was calculated and presented in Fig.
2D. Considering Fig. 2C and D, it can be stated that selecting average valley wave over the single one
minimizes the errors in focus and mass thickness calculation. Averaging valley waves reduces the
deviation of phase error in the valley wave of the supported region w.r.t the unsupported region; hence, the
error in �nding exact focus and FCW reduces, leading to a reduction of errors in atom count.

Other than Ag (Z=47), the in�uence of amorphous carbon support is further investigated for simulated
disc-shaped nanoparticles with different atomic numbers such as Cu (Z=29) and Au (Z=79). For both Cu
and Au nanoparticles, the average valley wave was considered for calculation of MPI. Similarly, results
related to Cu (Fig. S4, S5) and Au (Fig. S6, S7) nanoparticles are presented in the supplementary section.
The phase change per atom for Ag, Cu and Au subjected to different electron doses (related to Debye-
Waller factor) are calculated using mass circles in Argand plane (Fig. S8) and tabulated in Table 1.

Fig. 3 represents focus (A, C, and E) and mass thickness (B, D, and F) error calculations for different tp/tac

ratios and different carbon densities of simulated Ag, Cu, and Au nanoparticles. The images of Ag and Au
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nanoparticles were simulated with Debye-Waller factor of 20 Å2 (~104 e/nm2sec electron dose rate [30])
and Cu with Debye-Waller factor of 5 Å2 (~5*102 e/nm2sec [30]) and listed in Table 1. D. Van Dyck et al.
[30] reported that phase shift per atom for an element decreases with an increase in electron dose rate
during image acquisition and increases with an increase in atomic number. Increasing the electron dose
rate increases the thermal vibration of atoms, which in turn �atten the projected mean inner potential
experienced by the incoming electron during TEM imaging. Selecting a higher Debye-Waller factor means
considering higher thermal vibration of atoms therefore, results in a decrease of phase shift per atom. 
Since Ag has a higher atomic number than Cu, so, different electron dose rate for Cu was selected. This
selection results in almost similar error in mass thickness calculation for both Ag and Cu. In case of Ag
and Au same electron dose rate was selected, so the mass thickness calculation error was less in case of
Au due to a higher phase shift per atom than Ag. From the overall results presented in Fig. 3 A-F, it can be
stated that irrespective of the atomic number of a constituent element of nanoparticle, the focus and
mass thickness calculation error increases with increasing supporting carbon thickness and/or density.

The schematic shown in Fig. 3G is used to exhibit the effect of amorphous carbon support on the mass
circle, exact focus, and phase of θ’ in the Argand plane regarding a disc-shaped nanoparticle containing
the same atom count in all the atomic columns and half of which is supported on amorphous carbon.
The red dot at (1, 0) represents the vacuum wave. The green dot in mass circle shows the FCW for single-
atom having phase angle θ. The atom counts in atomic columns can be obtained by dividing the phase
of θ’ with phase shift per atom of θ. The blue dots in the mass circle represent the FCW of atomic
columns having the same number of atoms and the phase of θ’. The blue dots are concentrated on the
mass circle indicates that the atomic columns are in the same focus or having the same �at exit surface
in the unsupported region. The yellow dots are the defocused wave due to amorphous carbon support.
The amorphous carbon induced defocused waves is away from blue dots in mass circle, which indicates
that the waves are defocused from the exact focus of FCWs. The yellow dots at the right side of FCWs
(blue dots) have smaller phase angle (θ’- nθ) on contrary to the yellow dots at the left side have larger
phase angle (θ’+ nθ). The larger phase angle corresponds to an increased error in atom count (n) in
atomic columns and vice versa. The number of atoms increased or decreased in an atomic column
depends upon phase shift per atom. It can be stated that the scattering of FCWs on mass circle indicates
the amorphous carbon support affects surface roughness as well as atom count.

Considering simulated results together, it can be summarized that the presence of amorphous carbon
support modi�es the nanoparticle’s exit surface roughness due to the focus and mass thickness
calculation errors. Consequently, tomographic reconstruction by combining information of focus map
and mass thickness map for carbon-supported nanoparticle becomes distorted as compared to
unsupported one.

2. Experimental results

After analysing the results related to tomographic reconstruction of simulated nanoparticles supported
on amorphous carbon, the same procedure was applied to experimental Ag nanoparticle supported on
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amorphous carbon �lm. A silver nanoparticle of around 15 nm diameter at lattice resolution viewed along
<110> is presented in Fig. 4A from a set of focal series images. Since this nanoparticle was partly
supported on carbon �lm, so, it allowed selecting different regions with varying tp/tac ratios. The
rectangular yellow-colored region in right upper portion of Fig. 4A seems to be completely supported on
carbon �lm. The amplitude and phase of reconstructed complex-valued exit waves are presented in Fig.
4B and 4C, respectively. The rectangular yellow coloured region in the left lower portion of Fig. 4A seems
to be partly supported. The amplitude and phase of the reconstructed complex-valued exit wave for this
portion are shown in Fig. 4D and 4E, respectively. Within the lower rectangular region, the edge portion
marked as region 1 seems to be completely unsupported. Region 2 seems to have thinner carbon support
(higher tp/tac) than region 3. These three regions were nominated for atomically resolved tomographic
reconstruction.

Fig. 5 represents the results related to tomographic reconstruction of region 1, 2 and 3 of Ag nanoparticle.
Since experimental Ag nanoparticle was oriented in <110>, for valley wave selection, averaging of six
valley waves surrounding each atomic column in the image plane was done. Fig. 5(A-E) represents the
plot of the mass circle and phase θ’ in Argand plane, focus map, mass thickness map, the histogram of
focus values from focus map, and atom counts from mass thickness map respectively for region 1.
Similarly, Fig. 5(F-J) and (K-O) represent the results related to regions 2 and 3, respectively.  The phase
shift per atom for experimental Ag nanoparticle was calculated as 0.09 rad (also reported in Fig. 4 of [30])
using a wedge sample with 4 atoms along [110] direction using Debye-Waller factor of 36 Å2 and is
shown in mass circle of Fig. S8 D. The thickness (focus) accuracy (determined according to [9]) is
obtained by �nding the average standard deviation of a discrete set of peaks in the histogram of focus
map (Fig. 5 D, I, N). The values are 0.4 Å, 0.6 Å, and 1 Å for regions 1, 2, and 3, respectively as mentioned
in Table 2. The thickness accuracies for all three regions were less than the interatomic spacing of 2.9 Å
for Ag crystal along <110> direction which reveals that the thickness direction is atomically resolved.
Since maximum number of atomic columns within mass thickness map of region 1 (Fig. 5 C, E) has 8
atoms, therefore corresponding average thickness of region 1 along viewing direction was calculated as
2.3 nm. Similarly, for region 2 (Fig. 5H, J) and 3 (Fig. 5M, O) maximum number of atomic columns
contains 13 and 12 atoms, so, corresponding thicknesses along viewing direction were calculated as 3.77
nm and 3.48 nm, respectively.

Table 2: List of electron dose, phase change per atom, phase and defocus error of experimental
Ag nanoparticle
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Sl.
No.

Region Electron
dose
rate

(e/nm2sec)

Debye-
Waller
factor
(Å2)

Phase change per
atom (rad)

Phase
accuracy

(SD) (rad)

Thickness
accuracy
(SD) (Å)

1. Region
1

Approx.
8*105

36 0.09 0.029 0.4

2. Region
2

Approx.
8*105

36 0.09 0.023 0.6

3. Region
3

Approx.
8*105

36 0.09 0.02 1.0

The plots of intensity pro�le as a function of defocus for three regions are presented in Fig. S9 (A-C).  The
phase accuracy (determined according to [9]) was obtained by �nding the average standard deviation
related to phase of FCWs for each number of atoms shown in Fig. S9 D-F. The phase accuracy for regions
1, 2, and 3 are 0.029 rad, 0.023 rad, and 0.02 rad, respectively.

Mass circles in Argand plane (Fig, 5 A, F, and K) provide direct intimation regarding the presence of
amorphous carbon as described for simulated nanoparticles. Here red dots represent FCWs, and points
(1, 0) represent vacuum waves related to respective regions. The FCWs lie on the mass circle of region 1
con�rms that the portion is unsupported. FCWs are scattered to some extent from mass circle in region 2
and largely scattered in region 3 which con�rm that the supporting carbon �lm thickness is less for region
2 than region 3.

The atomically resolved tomograms of regions 1, 2 and 3 of the experimental nanoparticle are presented
in Fig. 6 A-C, respectively. The average thickness of the holey carbon grid used for the support in this
experiment is around 3-4 nm. Since region 3 was fully supported on carbon �lm so, the tp/tac ratio here
was considered approximately 1. The viewing directions for both simulated and experimental Ag
nanoparticles are different. However, the tomograms of region 3 and the simulated nanostructure with
tp/tac=1 can still be qualitatively compared. Fig. 6D represents the tomogram of the simulated
nanostructure (tp/tac=1) shown in row 3, column 1 of Fig. 1. Here the rectangular region of the
unsupported part of the disc-shaped nanoparticle resembles accurate tomographic reconstruction, but
the supported part depicts arti�cial roughness induced due to the presence of carbon support. A similar
kind of roughness is also visible in the tomogram of region 3 presented in Fig. 6C, which establishes the
distortion in tomographic reconstruction of nanoparticle in the presence of the supporting amorphous
carbon �lm.

So far, the in�uence of amorphous carbon support on the tomographic reconstruction of simulated and
experimental nanoparticles was discussed. Now, the challenges of tomographic reconstruction of
nanoparticles with amorphous carbon support need to be enlightened. In simulations, one half of the
disc-shaped nanoparticle was made carbon-supported, and another was unsupported. The disc-shaped
particle was considered for the �atness of its exit surface. By selecting an unsupported region as a
reference, the focus and mass thickness calculation errors in the supported region was calculated for the
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simulated cases, but in the experimental case, it cannot be done because shape of the nanoparticle was
unknown prior to the reconstruction. Moreover, error due to carbon support distorts the periodicity in
viewing direction, so, to reconstruct tomogram of a nanoparticle supported on carbon �lm, �ne tuning of
focus needs to be done in a way that the focus values be the multiple of interatomic spacing.

The in�uence discussed until now may also be observable in case of cross-sectional samples like thin
�lms where amorphous glue is used for TEM sample preparation. The leftover of amorphous glue on top
and/or bottom surface may produce artefacts in a similar way as amorphous carbon support because it
was already reported that this leftover glue produces stain artefacts within images of thin �lms like
carbon support produces in images of nanoparticles[33].

Conclusions
In this present work, the in�uence of amorphous carbon support on the atomically resolved tomographic
reconstruction of simulated and experimental nanoparticles from a single projection was examined. It
was established that to select the valley wave during normalization of reconstructed exit wave, averaging
surrounding the atomic column on the image plane minimizes errors. With increasing carbon thickness
and/or density, focus and mass thickness calculation errors related to the tomographic reconstruction of
nanoparticle increase, which in turn induce arti�cial surface roughness and modify atom count in atomic
columns. However, the atomic number of a constituent element of nanoparticle does not have any
signi�cant in�uence on supporting carbon �lm-induced errors.

Methods
1. Tomographic reconstruction of simulated disc shape nanoparticles on an amorphous carbon support

1.1 Structure of simulated nanoparticles

To mimic experimental procedure, disc-shaped nanoparticles (4.5 nm diameter and 3.6 nm thickness) of
three different elements Ag, Cu and Au of same crystal structure (FCC) were constructed along [001]
direction by VESTATM [34] software. The disk shape was chosen to avoid thickness variation across the
simulated nanoparticle. For all the elements, one half of the simulated nanoparticle was placed on
amorphous carbon supporting �lm while the other half was kept hanging, as shown in the �rst column of
Fig. 1. Similarly, like previous literature[35], a �xed 2 Å gap was always maintained between the
nanoparticle and the supporting �lm. Supporting amorphous carbon (ac) �lm was simulated using
molecular dynamics by the liquid quenching method as described previously[27]. Carbon atoms
corresponding to a density of 2.1 g/cc and 3 g/cc were randomly modeled in a block of 10 nm × 10 nm ×
30 nm. The simulated nanoparticles of Ag, Cu, and Au with a thickness of 3.6 nm were placed on
amorphous carbon �lm (density = 2.1 g/cc) with varying thicknesses of 0.9, 1.8, 3.6, 7.2 and 14.5 nm to
demonstrate the effect of ac supporting �lm thickness on the atomically resolved tomographic
reconstruction of the nanoparticle.
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Moreover, to study the effect of amorphous carbon density on the tomographic reconstruction, the
nanoparticles were similarly placed on 14.5 nm amorphous carbon �lm with a higher density (3 g/cc).
Whereas Ag and Au disc shape particles have an alternating periodic array of 9 and 10 atoms, Cu has 10
and 11 atoms respectively. The bottom surface of the disc-shaped nanoparticles of the present study has
ABAB stacking. The thickness difference between A and B layers at the bottom surface is approx. 2 Å. We
demonstrate different structures with varying tp/tac ratio, where tp and tac are nanoparticle and supporting
amorphous carbon �lm thickness, respectively. All the simulated structures are presented in the �rst
column of Fig. 1 for Ag nanoparticle, Fig. S4 for Cu nanoparticle and Fig. S6 for Au nanoparticle.

1.2 TEM image simulation

The QSTEM[36] software was used to simulate high-resolution lattice images of all the simulated
nanostructures with different tp/tac ratios along <100> zone axis, as described previously[35]. The high-
resolution lattice images were simulated using the multislice algorithm. TEM experimental parameters
used in the simulation are as follows: accelerating voltage = 300 kV, spherical aberration coe�cient (Cs)
= -0.003 mm, Scherzer defocus = 9.3 nm, energy spread = 0.6 eV, objective aperture radius = 38 mrad. An
overall sampling of 0.0834 Å per pixel and slice thickness of 0.1 Å was used for all the cases to obtain
better lateral and depth resolution. The Debye-Waller factor was applied to all the simulated images to
incorporate the effect of the electron dose rate.

1.3 In-line holography of simulated nanoparticles

A set of focal series comprises 21 images was simulated in the defocus range from -0.7 nm to 19.3 nm
with a defocus step of 1 nm. The other parameters are chosen like defocus spread = 3.6 nm and
convergence angle = 0.1 mrad. These focal series images were used to reconstruct the complex-valued
exit face wave by FRWR plugin [22] of Digital MicrographTM for all the simulated nanostructures.

1.4 Tomographic reconstruction of simulated nanoparticles:

The exit wave reconstructed by in-line holography contains the �eld information such as amplitude and
phase, which is applicable for tomographic reconstruction using channelling theory. In line 3D holography
method reported by Chen et al. [9] was used in this present work for tomographic reconstruction from a
single projection. For the presence of supporting amorphous �lm with the nanoparticle, the modi�cation
was mainly incorporated while selecting valley wave.  The necessary steps for tomographic
reconstruction from single projection[9] are as follows:

a. Selection of Valley wave or background wave

b. Determination of exact focus map or bottom surface geometry using MPI criteria

c. Plotting mass circle and phase of θ’ (rad)

d. Calculation of phase change θ (rad) per atom

e. Plotting mass thickness map
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f. Plotting tomograms

Modi�cation in the selection of Valley wave or background wave:

The background wave selection is the signi�cant parameter that affects the z-height and number of
atoms in the respective column. For valley wave selection, there are four valley waves present in the
phase between the atomic columns where the Ag crystal structure viewed along [001]. To select the valley
wave appropriately, two different options were tested: 1) Single valley wave out of four valley waves
surround the atomic column 2) Average of four valley waves surround the atomic column. Nanostructure
containing Ag nanoparticle with tp/tac = 1 and amorphous carbon density of 2.1 g/cc was chosen to
study the effect of valley wave selection on tomographic reconstruction. The result related to the single
valley wave is presented in Fig. S3 and average valley wave in row 3, column 3-5 of Fig. 1.

2. Tomographic reconstruction of experimental Ag nanoparticle supported on holey carbon

2.1 High-resolution lattice imaging and in-line holography:

To perform the TEM experiment, Ag nanoparticles (YF26042016, PlasmaChem Gmbh, 0.1 mg/mL
aqueous suspension, 10 nm) were dispersed in an ethanol solution, followed by ultra-sonication for 1hr to
avoid agglomeration. Finally, the solution was drop cast on a lacey carbon supporting �lm deposited on
TEM Cu grid (Agar Scienti�c., AGS166).

High-resolution lattice images were acquired using FEI TITAN3 Themis microscope operated at 300 keV,
equipped with a �eld emission gun (FEG) and a 2 K×2 K CCD camera (FEI, BM-Ceta). The images of Ag
nanoparticle were acquired along <110> crystallographic orientation with parallel illumination and Cs

value of about -0.003 mm. The electron dose rate was maintained at approx. 8*105 e/nm2sec. A set of 35
images were recorded at different defocuses ranging from -17 to 18 nm with a step size of 1 nm. Two
regions of Ag nanoparticle were taken for in-line holography, as shown in Fig. 4A marked with yellow
rectangles. A stack of 21 focal series images was used for each region. Similar to simulation, FRWR
software tool used for exit wave reconstruction during experimental analysis also.

2.2 Tomographic reconstruction of experimental nanoparticle:

Tomographic reconstruction of experimental nanoparticle was done in a similar fashion as of the
simulated ones.
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Figures

Figure 1

Effect of amorphous carbon support on 3D reconstruction of Ag particle. Each row represents the results
related to the structure shown in column 1 of that row. Amorphous carbon density of the supporting �lm
was taken as 2.1 g/cc for row 1-5 and 3 g/cc for row 6 as marked by “*”. Column 1: simulated structures
of Ag nanoparticle supported on varying carbon thickness and density (2.1 g/ cc and 3 g/ cc) along [001]
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direction. Column 2: Reconstructed phases of the complex valued exit wave function. Column 3: Plot of
the mass circle and phase of θ’ of the simulated structures in column 1. Red dots are focus corrected
waves (FCWs) and wave at (1, 0) in this plot is the vacuum wave. X and Y axis represent real and
imaginary part and indicated in last row of column 3. Column 4: Normalised focus map of the imaged
regions of simulated structures as marked by the yellow rectangle in (row 1, column 2). Respective colour
bar is shown in (row 7, column 4). Column 5: Mass thickness map showing number of atoms in each
atomic column of simulated Ag structures. Respective colour bar is shown in (row 7, column 5).

Figure 2

Effect of valley wave selection on 3D reconstruction of simulated Ag nanoparticle (A) and (B) represent
the effect of valley wave selection on phase of valley wave surround the atomic column and atomic
columns (FCW) respectively, atomic columns selected for line pro�le is shown in phase of Ag
nanoparticle in row 3 column 2 of Fig. 1. (C) and (D) Focus and mass thickness error respectively due to
valley wave selection of simulated Ag nanoparticle supporting on amorphous carbon �lm having tp/tac
=1, shown in row 3 column 1 of Fig. 1. Colour bar in mass thickness error represent the error in number of
atoms.
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Figure 3

Representation of error in 3D reconstruction with respect to tp/tac ratio (4, 2, 1, 0.5, 0.25 and 0.25*) and
amorphous carbon density (2.1 g/cc and 3g/cc) of the supporting �lm. (A), (C) and (E) Focus error due to
varying tp/tac ratio and support carbon density for simulated Ag, Cu and Au nanoparticle respectively.
(B), (D) and (F) Mass thickness error due to varying tp/tac ratio and support carbon density for simulated
Ag, Cu and Au nanoparticle respectively. Colour bar in mass thickness error represent the error in atom
counts. (G) Schematic showing the effect of amorphous carbon support on mass circle in Argand plane
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for disc shaped structure. Bar related to amorphous carbon density of 3 g/cc and tp/tac= 0.25 are
marked with “*” sign in the �gures.

Figure 4

In-line holography of Ag nanoparticle. (A) One experimental high resolution lattice image from set of focal
series containing Ag nanoparticle supported on holey carbon �lm viewed along <110> direction.
Reconstructed amplitude (B) and phase (C) of the complex valued exit wave of the rectangular region
marked in right upper portion in image presented in (A). Reconstructed amplitude (D) and phase (E) of the
complex valued exit wave of the rectangular region marked in left lower portion in image presented in (A).
Region 1 and 2 marked in (E) and 3 marked in (C) were selected further for 3D reconstruction as they
have different tp/ tac ratios.



Page 20/21

Figure 5

3D reconstruction of experimental Ag nanoparticle with varying tp/tac ratio. (A-E) represent plot of the
mass circle and phase θ’ in Argand plot, focus map, mass thickness map, histogram of focus values
from focus map and number of atoms from mass thickness map respectively of region 1 marked in Fig.
1 (E). Similarly, (F-J) and (K-O) represent the results related to region 2 marked in Fig. 1 (E) and region 3
marked in Fig. 1 (C) respectively. In Argand plots shown in (A), (F) and (K), red dots represent FCWs and
points (1, 0) represent vacuum waves related to respective regions. (P) Common colour bar for focus map
of region 1, 2 and 3. (Q) Common colour bar for mass thickness map of region 1, 2 and 3.
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Figure 6

Atomically resolved tomograms of experimental and simulated Ag nanoparticles from single projection.
(A - C) Tomogram of experimental Ag nanoparticles of region 1, 2 and 3 along [110] direction, where, x =
[-111], y = [1-12], z = [110]. (D) Tomogram of simulated Ag nanoparticle of tp/tac ratio = 1 along [001]
direction, where x = [100], y = [010] and z = [001].

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Supplimentaryacsnano.docx

https://assets.researchsquare.com/files/rs-95300/v1/2f391e17548aad6e17ce1acb.docx

