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We have demonstrated
1. molecule-by-molecule spectroscopy of individual fullerenes [1],

2. atom-by-atom spectroscopy of graphene edges (2],
3. atom-by-atom spectroscopy of N-doped graphene (3],
4. atom-by-atom spectroscopy of tetra-vacancy in h-BN [4],

by means of electron energy-loss spectroscopy (EELS) based on
aberration-corrected scanning transmission electron microscopy (STEM).

Vietheds oo °
Specimen preparations ] g
Fullerene: Encapsulation inside a carbon natnotubes, @@ @
Sandwitch between two monc d h-BN sheets. ()

Graphene: CVD, PMMA-coat, transfered to SiN TEM grid, @@
Hexagonal-BN: CVD on Cu, polycarbonate-coat, HCI,

Instruments D

SITEM: JEM-2100F (30 -60 kV)
Electron gun: Cold FEG (W111) , FWHM = 0.35 eV,
Probe size =0.1 nm, Figure 1-1: Fullerene storages: a-b) Model and ADF
Current 6-20 pA, (Annular Dark Field) image of Cso (blue) and C7o
Delta-type aberration corrector (JEOL) (orange) molecules stored inside a SWNT. c-d)
EELS: Gatan Quantum 965 for low voltage, Model and ADF image of Cé0 (blue) molecules
65 counts / electron, stored in between two layers of BN. The ADF image
50u-1 sec for EELS, was taken at 30 kV for b) and 60 kV for d).

Holder: A single tilt JEOL (Heating) holder
i —

Data Processing:
bt &
Gatan Quantum 965 mg

1nm

Gatan Digital Micrograph 2,
HREM plugin (MSA, DeconvEELS),
ImagedJ, Cornell Spectrum Imager (CSl) plugin,

1. Molecule-by-molecule spectroscopy of individual
fullerenes [1].
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Figure 2-3. Model of stair edge
(eombination of armehair and 2igzag
edge) and ELNES simulation. Carbon
K-edges of individual atoms numbered
from 1 to 4 and marked by red, orange.
green and blue colours in (a) are
simulated in (b). The ELNES shape of
slair edge s different from zigzag edge or
armechair edge.

Figure 2-1, STEM.EELS Figure 2.2, STEM-EELS

ing of an h ing of a zig-zag h
graphene edge. (a) edge. (a) ADF-STEM image of
ADF-STEM image of armchair zig-zag edge. Scale bar: 2A. (b)
edge. Scale bar: 2A, (b) EELS EELS from the numbered

from the numberad regians in regions in (a). (c) Density

(a). (c) Density functional functional theary atomic model of
theory atomic model of zig-zag edge. (d) Simulated
armchair edge. (d) Simulated EELS from the numbered
EELS from the numbered

regions in (¢).

Figure 2-4. STEM:EELS of d 5-7 graph:
edge. (a) ADF-STEM image of rec 5-7 edge. Scale bar: 2A, (b)
EELS from the numbered regions in (a). (c) Density functional
theory atomic model of rec5-7 edge. (d) Simulated EELS from the
numbered regions in (c).
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Figure 2-5. Modeling of 57 edge structure, A pair of carbon atoms
al zigzag edge {a) was rotated by 90 degrees (b). (c) The

was then g imized by CASTEF using GGA-

PBE functionals. The unitcell in the figure comresponds to the
calculation of ELNES but the unit cell with a half distance of

a-axis is used for geometry

Nano Letters

Table 1. Summary of EELS Peak Positions for Different Graphene Edges

peak (eV) gmg () Klein (R} armchair (B,) heptagon (R} bulke (B pentagan (1)
sxpeamant 810 w28 828 842 2850 2063
DFT 27 W34 W24 w89 80 41
shik {xp.} 0 22 a2 05 o 12

shif (DFT) -23 -15 -4 -1l o +11

4. Atom-by-atom spectroscopy of B-terminated tetra-vacancy in h-BN [4] ,
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FIG. 4-1. High resolution ADF image

Energy loss (eV)
Figure 1-2: Core-level spectroscopy of individual fullerens molecules. a)
ELMNES carbon K edge spectra extracied from aligned five molecules shown

Figure 1-3. EELS simulation of Gro
molecules: a) Depiction of a C7o

of a VB1N2 letravacancy in h-BN
(left) and corresponding atomic
model of the defect (right). Data

FIG. 4-2, The B K-edge EELS
signature of a tetravacancy. The
two spectra are acquired from the

maolecule in two different
orientations. Five non-identical
carben aloms are painted in
different colors b) Simulation af
ELNES for different carbon etoms.
Between the 285.7 eV and 287.7
eV peaks, the additional pesk shifts
for different atoms. This could
explain the shifting peaks for the
experimentally measured
malecules. Note that Cea has 60
identical carbon atoms and will
show no spectral variation due fo
the atoms involved in a spedrum.

in the inset on the right. Note that the contribution of :arbon nanatube to the
carbon K edge spectra has been by the
carbon K edge of an emply nanolube. The solid lines are spemm after
Richardson-Lucy deconvolution and the dots are the raw dala afler
background subiraction, Blue and orange arrows point to commen features of
Gso and Cro, respectively (see text). From these spectra peak configurations,
the discrimination of Ceo and Cro molecules is indeed possible. ) The sarme
commeon features can be seen in b) where spectra from cry

Csa, Cro and Ce4 are shown The Ca4 spectra was axtracted from Kuzuo et
al[5| and obtained at 60 kV, while the others were obtained at 30 KV, as in the
ather i lescribed here. Ref spectra for Ceo and C7o crystals
have been di d using the entropy method. c-d)
Comparisons of the bulk crystalline spectrum (dashed-lines) with a single
molecule spectrum (solid-lines) for Ceo (blue) and Cro (orange), respectively.
[5] R. Kuzue, M. Terauchi, M. Tanaka, Y. Saito, & H. Shinchara, Phys. Rev. B
49, 5054 (1994),

3. Atom-by-atom spectroscopy of N -doped graphene [3],
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Figure 3-2. Density functional theory simulations of
the EELS. Comparison of the experimentzl (a) and
EELS of the C K-edge for nearest neighbour C
atoms bonded to the M atom and C located several
atoms away from the N atem and not bonded ta it.
{b) Comparison of the DFT EELS of the C <-edge
for nearest neighbour C atom bonded to the N atom
in N-doped graphene (blue line and modelied in ¢)
and that in graphene (red line and modelled in d).
Dashed vertical lines with labels (i)-{iii) indicate
peaks for (i) w*, (i) o*, and (iii) peak for N bonded
G atoms. (c) The N-doped graphene model has
Amm2 symmetry with nitrogen atoms colored in red
and carbon aloms with a core-hole colored in blue,
{d) The graphene moedel has P-8m symmaeiry with
carbon atom with a core-hole colored in blue.

Fugu!a 31, (a} ADF-STEM lmaga taken simultanecus as the EELS
map. (b) ADF-STEM image with high signal to noise of the same N
dopant in graphene, {c-f) EELS ding o the boxed
regions indicated in (a). (d - ) Magnified N K-edge, C K-edge, and
* region of the C k-edge EELS cormesponding 1o the boxed
regions in (a). (g) 20 spectroscopic map based on the carbon
k-adge EELS. (h) 2D spectroscopic map based on the N K-adge
EELS signal. (i Overap of carbon EELS map (red) and N EELS
map (green) with ADF-STEM image.

center of the defect and near the
defect, respectively. The spectra

TABLE | h-BN defect types as a have been PCA-filtered. The data
function of imaging condilions. The  was extracted from a 16x14 pixel
data in the shaded cells is taken fom map acquired using 60 KV

acquired using 60 kV electrons @
500 "C.

the literature electrons @ 600 °C, with an
Valtage SRV G0LV time of 0.5 sipix and an
| [ Temperature | 30°C [ 500 C | 500 °C * ) -
= T energy disp of 0.1 eVich. 3
TEM nem il [T e —— FIG. 4-3. Electron density maps, band
Mude — v 7 o et L Pyt R E:u;égta {200 structures for the ground and excited
STE ] L e il e states electron configurations and

e T T partial density of states (PDOS) of 2p of
the B atoms at the edge of the VBaINz
defect. The spatial distributions for
bands (orbitals) corresponding fo
representative peaks in the PDOS are

g ﬁx‘ h
pletted for each case. See main text for

@,@&

FIG. 4-4. (Left) ADF images of defects created in h-BN under 80 kV electron irradiation. The images have been
FFT-filtered. At room temperature (upper row), B vacancies and VBaN: defects dominate, while at high temperatures

[RTe——

Dopants in Graphene al

{lower low), N vacancies and VB1Nz defects are predominant, {Right) Distribution of the various types of defects created
at 80 kV as a funclion of temperature. The ermor bars have been introduced in order fo account for inaccuracies in
structure assignment. P
We have demonstrated the feasibility of low
= m m = voltage STEM-EELS analysis for low
S u a ry dimensional materials by interpreting our
experimental data with theoretical
fe ren e S calculations, which provides deeper insights
- — - of the molecular and atomic sciense.
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