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Atomic number contrast (Z-contrast) imaging using high-angle annular dark field (HAADF) detector,
along with high resolution electron microscopy (HREM), is used 10 study the nanostructured metal,
semiconductor, mixed oxide, and soft matter composites of inhomogeneous nature. A comparison
between the HREM and HAADF images for the analysis of crystal structure, defects, and composi-
tianal inhomogenity in those nanostructures has been made. While the HREM technique is efficient
in determining bulk crystallinity and defect structures, the HAADF imaging technigue is superior in
detarmining the surface inhomogenity, defect structures in the interior of the nanostructures, even at
atomic resolution. The sfficiency of the HAADF imaging technique in determining the surface inho-
mogenity and defect structures is demonstrated for the Au-Pt bimetallic clusters, CdSe nanciibers
and nanowires, Nb,sW,50,, mixed oxide, and polystyrene-mormoarillonite clay nanocomposites.

Keywards: HAADF Imaging, Nanostructure, Semiconductors, Soft Matter.

Recent progress in nanofabrication techniques produced
several interesting nanostructures of  semiconductars
and metals'™ with special physical and chemical
characteristics.*7 However, the application potential of
these tiny structures depends on the efficiency of control-
ling their size, shape, and composition. While the size and
shape of semiconductor nanostructures define their use in
optoclectronics and of metals in catalysis, their composi-
tion remains the main controlling parameter for any appli-
cation. Traditionally, the composition of bulk materials
was estimated by using conventional techniques like XRD,
EDS, ICP, SIMS, and XPS; however, for nanostructures,
the techniques are not very efficient.®!” Although the
global compositon of nanostructures is being evaluated
through EELS and the local composition by HREM, none
of the techniques are effective for the evaluation of compo-
sition inhomogenity in nanostructures at the atomic level.
While the global composition of nanostructures is impor-
tant for controlling their physical properties, like optical,
electrical, mechanical, and optoelectronic properties, the
surface composition at the atomic level is very important
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for their applications in chemical and electro-chemical
catalysis to control their selectivity and efficiency.

Electron microscopy techniques such as HREM have
been the primary technique used to characterize nanocrys-
tals size and shape.'"'? Though this technique allows us
to analyze individual nanocrystals to obtain average size
distribution, it is not easy to delermine the precise shape
and size of the nanocrystals because of nanccrystal move-
ment under an electron beam and poor contrast near the
surface of the nanocrystals® Phase-contrast imaging in
HREM relies on lattice fringes, which arise from the peri-
odic structure of a crystal lattice. This periodicity is bro-
ken at the surface and nearby latice defects, complicating
image interpretation,

On the other hand, Z-contrast scanning transmission
clectron microscopy (STEM) using an HAADF (high-
anglc annular dark ficld) detector can provide hiphly detai-
led images of nanocrystal surfaces, 3D information, and
mass contrast simultaneously. HAADF uses high-angle
scattered electrons to obtain spatially resolved images
which are able to show subtle details about the shape and
compositional inhemogenity of nanocrystals with moder-
ate precision. Electron scattered to high angles are predom-
inantly incoherent, and the images formed using HAADF
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do not show the contrast changes associated with coher-
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associated with ¢lectron interaction close to the nucleus of
the atoms which constitute the sample (Rutherford scat-
tering). So, the scattering phenomenon is strongly depen-
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to assure that, on the order of 1 nm, the STEM images
formed with the HAADF detector are highly sensitive to
changes in specimen composition, with the intensity vary-
ing monotonicaily with composition and specimen thick-
ness. Otherwise, HAADF atomic resolution images have a
more complicated dependence associated to the excitation
of Bloch states and electron channeling.'® However, 3D
atomic resolution s possible if a sufficiently thin specimen
zone is present.

Another characteristic of HAADF images is their chan-
ges in focus with depth. In such a case, the depth of focus
can be maximized through the optieal configuration of the
microscope, using a small condenser aperture to minimize
the convergence angle.

In this paper we present the HAADF and HREM study
of inhomogeneous metal, semiconductor, mixed oxide,
and soft matter nanostructures to evaluate the superficial
and bulk inhomogenity in them. While the HREM tech-
nique revealed their crystalline quality, orientation, and
crystalline defects, the HAADF technique revealed their
compositional inhomogenity even in the form of their
structural defects at the atomic level. Our results demon-
strate clearly the striking difference in efficiency between
HAADF imaging and conventional TEM techniques for
the evaluation of rnmnm1hnnn1 mhnmnm-nltv in metal,

semiconductor, oxide, d.l'ld soft matter nanostructures.

Rimetallic nanoclusters of Au-Pt in colloidal form were
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synthesized through simultaneous chemical reduction tech-
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mque as descnbed elsewhere. Naonstoichiometric one

dimensional (1D) CdSe nanostructures were synthesized
through a solvothermal technique as reported in our ear-
lier works.'"™? In a typical solvathermal growth, selenium
powders and cadmium chloride with 15% excess of the
stoichiometric ratio were reacted in a 100-ml round-bottom
flux filled with 80 ml of ethylenediamine at 140 °C for 4 h
without stirring. After the reaction products were cooled,
they were filtered and washed several times by ethanol and
walter. For microscopic observations, the samples were dis-
persed in methanol, spread on carbon-coated microscopic
copper grids, and dried in vacuum.

To acquire the structural and chemical information
simultaneously at the atomic level, we used nanocrys-
talline Nb,;W 50, to study through HAADF imaging.
The Nb,,W 40, sample was synthesized by Judrez et al.?"
through a solid-state reaction, mixing NbO, (200 mesh),
Nb,04 (99.9%), WO, (100 mesh), and WO, (99.95%) in
stoichiometric proportion. Adding 4 mg of HgCl, as min-
eralizing agent, the mixture was ground by an agate mor-
tar and heated at 1100 °C in an evacuated guartz tube

for 4 days. The final product was powdered and placed
on a lacey carbon support TEM grid for microscopic
observations.

Soft matter composites were prepared using styrene
(CgHg) and sodic mormorillonite clay through polymer-

ization by the emulsion method. [2-(Acryloyloxy)ethyl]-

trimethylammonium chloride (ZAETMAC) was used as
the cationic monomer, The intercalation of the clay with
the cationic monomer was carried out for 24 h and then the
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70 °C in a N, atmosphere. The resultant latex was purified
and directly loaded on to a carbon grid for microscopic
observations without any additional treatment.
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2010 FasTem microscope equipped with an STEM unit,
HAADF, and bright field (BF) detectors. The resolution in
HAADI/BF-STEM modes was of the ordcr of 0.2 nm.

As the first example of the poientialities of HAADF
detector imaging, we consider the small bimetallic Au-Pt
nanociusters of molar ratio 1/3. From the Figure 1] the
inhomogeneous distribution of Pt is evident on the bimetal-
iic nanoparticle surfaces. From conventionai HREM
images, it is possible to observe the highly defective
nature of the bimetaiiic particies wiih a jaiiice parameter
of 2.25 A (Fig. 1a) corresponding to the (111) reflection
of himetallic AuPt; with a tetragonal structure (PDF
chart 150043). Figure 1b shows a strain surface maple-
like bimetallic nanoparticle. The surface morphology in
these samples is not the typical one which corresponds
to plane circular monometallic particies, with no strain on

Fig. 1.
nanoparticles showing inhomogeneous elemental distribution. Au has a
higher atomic number than Pt. therefore Au appears with brighter con-
trast. Inhomogencitics at the surface of the bimetallic particle can also
be observed through HAADF images (d).

HREM (2, b) and HAADF images (c, d) of Au-Pt bimetallic
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the surface and minimum defects. Evidence of inhomoge-
neous distribution of elements is more palpable from the
Z-contrast images (Fig. lc, d), even though the difference
in atomic number between the elements is very small. Very
recently, Garcia-Gutierrez et al.”! have shown the forma-
tion of core—shell structures in Pt—Au bimetallic clusters
through HAADF imaging utilizing the strain field at the
core—shell interface.

Far CdSe 1D nanostructures. our solvotharmal synthes
COT LG0T i/ DNAnOSUUCures, Gur SOiVoLnoima: Synulcs)

produced at least two different structures. The first one cor-
responds to CdSe nanofibers {NFs) of hexagonal phase'®

as shown in Figure 2. While from the low magnification
image (Fig. 2a) it is clear that the NFs are generated from
the stacking of CdSe layers of the hexagonal phase, the
sensibility of the HAADF imaging technique to monitor
the inhomogenity of the sample throngh mass contrast is
visualized in Figures 2b, c. In fact, Figure 2c reveals many
dark patches, which appear to be pores in the NFs but

are really the crystallographlc inhomogenity revealed by
HAADF ir ng. Thronoh HREM we canld detect the
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formation of smal] grmns of different crystallographic ori-
eitations embedded in the main gu."v'vul mjﬁ' {Ou-].-muc
irregularities). The small grains are in different channcling
condition to the electron beam with respect to the fibers,
causing the contrast decay?? and appearing as dark spot
like contrasts in the images.

On the other hand, nanowires (NWs) of CdSe were

also found in our samples. In Figure 3, the HREM and

Fig. 2. (a}) HAADF image from a hexagonal NF of CdSe. (b) A closer
view shows the porosity in the NFs due to imperfect stacking of the CdSe
tayers. {(c) High-resolution HAADF 1mage shows the lattice fringes of
the crystal {inset in c}. The differences in density of the NFs are also
evident.
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Fig. 3. (a) HRTEM image of a single-crystal CdSe NW with the FCC
phase growing in the [002] direction. (b} HAADF image from the same
single-crystal NW, the atomic columns are evident.

HAADF images of selected nanowires arc presented. From
the HREM image it is clear that CdSe NWs corresnond to
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the FCC phase growing in the [002] direction. The lattice
fringes are also evident in the HAADF image (Fig. 3b)
only when the single crystal is well-oriented (chanpeling
orieniation}. This is because in STEM mode, a conver-
gent electron beam scans the surface of the sample, and
high-angle dispersed electrons are collected by the annu-
lar aperture to generate the image. Therefore, the contrast
of the atomic columns is obtained as a result of intensity
integration during the illumination period. Since this type
of scattering is incoherent, the intensity for each atomic

column is 1ndenf-ndf-nt of others. (nn-u-mu-mlv the dif-

ferent species of atoms generate a different contrast in
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core-shell type (Fig. 4). The core-shell structure is more
evident in Figure 4b, where the Gatan image filter (GIF)
is used around the Cd peak to locate the position of Cd
in the nanostructures. We can observe that the excess Cd
remains mainly at the surroundings of stoichiometric CdSe
NW of the FCC structure. The bright contrast in the lattice
columns also reveals the presence of Cd in the bulk of the
NW structure.

The potentiality of the HAADF imaging technique in
structure and chemical composition analysis of crystalline
samples is more evident when we consider a complex
oxide such as Nb,(W Oy This sample is of special
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Fig. 4.
image and (b) Gatan image filter (GIF) image of the same NW showing
a CdSe core surrounded by an amorphous Cd shell

Core-shell like CdSe nanowire of FCC swrucwre: (a) HREM
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interest for HAADF study as it has large lattice parameters

and is easy to orient using a double tilt sample holder.
High-resolution images acquired by the STEM tech-

nique using an HAADF detector are fundamentally

obtained as the result of intensity integration over the illu-
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me. When an electron probe passes through the

low order orientation zone of a crystal, the atoms act like
microlenses and focus the electron wave function.?! 2 The
tendency of electrons to channel along the atom columns
in crysials greatly increases its intensity due 1o the cooper-
ative focusing effect. Therefore, the channeling effect has
a great contribution on the STEM visibility of the atomic
position in crystals.

Apart from that, HAADF imaging is effective for ana-
Iyzing thicker samples. While conventional high-resolution
TEM does not allow observation of high-resolution details
{Fig. 5) of the sample due to thickness, the HAADF image
of the same zone reveals the lattice fringes of the crystal
at the same magnification. Generally, the small depen-
dence of HAADF imaging on sample thickness allows us
to analyze samples up to 50 nm thick.? Morcover, there
15 no contrast problem in HAADF images due to defo-
cus conditions of the sample, The hﬂo]’l? columns shown

He sdmpac, 10C HooOiumns snown

in Figure 5b correspond to the projected atomic columns.
even when the thicknece and Aefacnc ~anditione do
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allow observation of any structural information by con-
ventional HRTEM. The intensities for the atomic columns
are independent of cach other, without interference of the
election waves. On the other hand, the channeling cifect
strongly depends on the crientation of the atoms with
respect to the incident electron beam. In order to obtain
& high-resolution HAADF (HR-HAADF) image, the sam-
ple must be tited to a specific crystalline orientation and
the channeling effect is improved by using a Ronchi-
gram microdiffraction pattern.* Figure 6a shows a HR-
HAADF image of a Nb W O, sample corresponding
to the [001] zone axis. The corresponding FFT inverse
processing image using CRISP* software is presented in
Figure 6b with the unit cell marked. The unit cell pro-
jected along [001] is presented in Figure 6c where the blue,

Fig. 5. Selected area image from Nb, W ,;0,,: () Conventional TEM
image. Thickness of the sample does not allow uhservation of any details.
In this case, the morphology of the zone is the only detail observed.
(b} HAADF image from the same zone. The orientation of the sample
allows observation of the channeling lattice image.

Fig. 6. (a) Atomic resolution HAADF image of Nb, W ;0;, crystal in
the {001] direction. (b) CRISP processed image bhuwmg distinct con-
trasts for Nb, W, and O. The unit cell is marked. (c) Structural model of

Nb W 4Oy, unit cell projected along the [001] direction.

green, and red balls represent W, Nb, and O atoms, respec-
tively. In the Figure 6a, the darker contrast squares corre-
spond to the segregated WO, g of the monoclinic phase
with interplanar spacing & = 2.331 nm in the (001} dircc-
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tion, which clcarly shows the ability of the HAADF n'nagk
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analys:s apart from the structural details of nanostructures.
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also extemely useful for the siudies of
soft matter samples such as polymer composites and bio-
I sysiems, conventionaily prepared with a complex
swining and embedding process for microscopic observa-
tions. Soit matter nanostructure samples can be observed
with minimum damage using HAAF, as the current density
of the focused electron beam {on the sample) can be min-
imized using a small spot size (0.5 nm) with an arrange-
ment of very small condenser apertures (15 gem). As
evidence, we analyzed styrenc modified mormorillonite
clay composites by HREM and HAADF imaging. In
Figure 7a, a bright field STEM (BF-STEM) image of
the sample is presented. The BF-STEM image is under-
stood as equivalent to conventional transmission electron
microscopy in ferms of the reciprocity rule.'® In fact, the
BF detector dees not exclude the coherent Bragg refiec-
tions, and therefore, the image is largely influenced by
defocus, thickness, and diffraction contrast. The conven-
tional HREM image does not reveal any significant con-
trast difference due to the presence of the mormorillonite
clay in the composite, as there is no diffraction contrast
or it is minimum. However, at the same magnification, the
HAADF image (Fig. 7b) reveals the Z-contrast evidence
of the presence of clay. From the image, it is clear that
the clay forms a very thin layer covering the polystyrene
balls inhomogeneously (white arrows in Fig. 7h). At higher
magnification and using low dose in conventional HREM,
the lattice fringes of the clay sumounding the styrene are
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Fig. 7. (a) BF-STEM image from a styrene-modified sample with mor-

morillonite sodic clay. Almost no contrast differences between the styrene
and clay are preseni. (b) HAADF image from the same zone. The bright-
ness zone comesponds to the clay layer, while the styrene appears in

dar st. {c) A HAADF general view. (d) HRTEM image where the
lattice of the clay is clear. The clay is covering the styrene balls

observed (Fig. 7d). The lattice parameter is found to be of
1.85 nm instead of 1.7 nm, corresponding to the mormoril-
lonite sodic clay as a result of lattice expansion produced
during the monomer intercalation process. The obvious
advantage of using the HAADF detector for TEM obser-
vations of polymers is that the sample does not have to
be stained, a technique which modifies the real structure
of the original material by introducing external crystalline
material.

In conclusion, Z-contrast imaging using a HAADF
detector shows great promise for characterizing metal,
semiconductor, mixed oxide, and even soft matter compos-
ite nanostructures and biological samples. Apart from the
high resolution, derailed chemical information related to
the chemical/compositional inhomogenity obtained from
this technique cannot be obtained using conventional TEM
techniques using dark- or bright-field detectors. Addition-
ally the technique is useful to detect local strain field***
and location of composition-related defects, along with
phase inhomogenity inside and outside the nanocrystal
lattice.
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