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1. Introduction

Nanophase and nanoparticle materials are a new genera-
tion of advanced materials that are expected to exhibit un-
usual chemical and physical properties different from those
of either the bulk materials or single atoms.[1] Engineering
of nanophase materials and devices is of vital interest in
electronics,[2] semiconductors and optics,[3] catalysis,[4] ce-
ramics,[5] and magnetism.[6,7] The unique properties of
nanophase materials are determined by their atomic scale
structures, particularly the structures of interfaces and sur-
faces. The role played by particle size is comparable, in
some cases, to the particle chemical composition, thus
adding another flexible parameter to the design and
control of their behavior.

In fact, studies of small particles and catalysis particles
have been a focused area of scientific research for decades.
But it is only recently that a new ideal has begun to be real-
ized. Nanoparticles and the physical and chemical func-
tional specificity and selectivity they possess, naturally sug-
gest them as ideal building blocks for two- and three-
dimensional cluster self-assembled superlattice structures
(in powder, thin film, and solid bulk form), in which the
particles behave like well-defined molecular matter, ar-
ranged with long-range translational and even orientational
order.[8] Well-defined ordered solids prepared from tai-
lored nanocrystalline building blocks provide new opportu-
nities to optimize and enhance the properties and perfor-
mance of the materials. This is a new initiative in research
on cluster engineered materials.

Research has successfully fabricated self-assembled pas-
sivated nanocrystal superlattices (NCSs) or nanocrystal ar-
rays (NCAs) of metal, semiconductor, and oxide clusters,
which are a new form of materials of fundamental interest
and technological importance. There are four key steps to

developing these materials: controlled preparation of size
and shape selected nanoparticles, control of the self-assem-
bly process to produce large well-ordered NCSs, structural
characterization, and modeling the dynamic behavior of
the system. Indeed, understanding and optimizing the
structures of the NCSs is an important step towards a sys-
tematic exploration of the nature of patterned superstruc-
tures assembled from such building units and formulation
and implementation of methods for designing and control-
ling such novel assembled materials and their operational
characteristics.

This article focuses on the structural analysis of NCSs
with an emphasis on electron microscopy related tech-
niques. The objective is to present an in-depth understand-
ing of the nature of the 2D and 3D assembly of nanocrys-
tals and the methodology of their analysis. This article is
anticipated to serve as a general guide to solving the struc-
tural problems associated with nanocluster engineered
crystalline materials.

2. Self-Assembling Nanocrystal Superlattices

Self-assembled arrays involve self-organization of size-
selected nanoclusters encapsulated in protective compact
organic coatings into monolayers, thin films, and superlat-
tices. A key step in this process is the fabrication of size
and shape controlled NCAs that have the potential to grow
to a size large enough for technological applications. Col-
loidal chemistry, or soft chemistry, has played a powerful
role in this process. Self-organization of nanoparticles is a
new route to the synthesis of superlattice materialsÐsolid,
periodic arrays built using nanocrystals as building
blocks,[8±12] achieved by preparing size and shape selected
nanocrystals using colloid chemistry and then using self-
assembly as a means of joining them together (Fig. 1).[13]

The macroscopic properties of the NCS is determined not
only by the properties of each individual particle but by the
coupling/interaction between nanocrystals interconnected
and isolated by a monolayer of thin organic molecules. By
changing the length of the molecular chains, quantum tran-
sitions and insulator-to-conductor transitions could be in-
troduced.

NCSs are characterized by unprecedented size unifor-
mity and translational and even orientational order, creat-
ed through a multistage processing strategy involving self-
assembly, annealing, etching of defects, reversible passiva-
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tion by self-assembled monolayers, and macroscopic size
separation of the resulting assemblies. Although there are
numerous techniques for preparing metal clusters, most of
the current research on self-assembled metal particles is
concentrated on Au,[8,14,15] Ag,[12,16,17] and Ag2S.[18,19] Parti-
cles that can be self-assembled are usually smaller than
10 nm in size; it is in this size range that many exciting and
unusual physical properties are enhanced. The nanocrystal
thin films reported here are formed primarily on a solid
substrate via the self-assembly of nanocrystals. An alterna-
tive technique for forming monolayer nanocrystal thin
films is at the liquid surface using Langmuir±Blodgett films,
which has shown great potential in the synthesis and assem-
bly of nanocrystals. A recent review by Fendler and Mel-
drum[20] provides a comprehensive coverage of this tech-
nique.

Out of all of the systems, the gold particle is probably the
most advanced molecular crystal system that has been
widely studied. Gold nanocrystals can be prepared either
by an aerosol technique[21] or the soft chemistry tech-
nique,[22,23] in which metal particles grow as AuCl4

± is re-
duced at the oil±water interface in the presence of an al-
kylthiolate surfactant (SR, where R = n-CnH2n+1, n = 4, 6,
8, 12¼) and a reducing agent (thiolate). The surfactant
specifies compact and ordered monolayer passivation of
the thiolate over the nanocrystal surface. The thiolate

serves not only as a protective layer for the particles, which
prevents direct contact between the particles and conse-
quent collapse of the structure, but also provides interparti-
cle bonding. The strength of this bond characterizes the
structural stability and the maximum operational tempera-
ture the materials can withstand. The core size of the parti-
cles can be controlled by changing the gold-to-thiolate ra-
tio.[24,25] Recent studies have shown that the size of the Au
core and the length of the thiolate are the two parameters
that determine the 3D crystal structure of the nanocrystal
assembly (i.e., phase diagram). The studies of Andres et
al.[26] have demonstrated that the alkylthiolate can be re-
placed by aryl dithiol or aryl diisonitrile molecules to form
covalently bonded NCAs with enhanced structural stability
and mechanical strength.

Synthesis and studies of semiconductor nanocrystals are
of vital practical importance for many optoelectronic appli-
cations.[3] The most interesting phenomena associated with
semiconductors are the quantum-dot effect, surface states,
and charge transport.[27] The properties of nanocrystals ap-
pear to be very different from bulk crystals if they ap-
proach atomic dimensions or ionic diffusion lengths, elec-
tronic elastic and inelastic mean free path lengths, or
correlation and screening lengths. A recent report by Mur-
ray et al.[28] showed that the 3D hexagonal close-packed
(hcp) and face-centered cubic (fcc) assembly of CdSe nano-
crystals, prepared using a two-solvent recrystallization
method, can result in crystalline superlattices as large as
50 mm.

The preparation of cobalt NCSs is being studied in our
laboratory.[29] Naturally, magnetic particles smaller than
10 nm are usually superparamagnetic and they do not ag-
gregate because each particle is a single magnetic domain.
Thus, it is possible to form self-assembled NCSs. Recently,
a permanent magnetic moment was observed in a self-as-
sembled array of Co particles (with sizes < 8 nm) by align-
ing them in a magnetic field during assembly.[29] Co parti-
cles in the size range 20±80 nm tend to form chain-like
structures,[30] and can form long one-dimensional chains,[31±

34] indicating a strong preference for forming cluster engi-
neered arrays of Co particles. A recent report by Zhang
and Budnick[35] included some X-ray diffraction data that
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Fig. 1. Schematics showing self-assembled passivated nanocrystal superlat-
tices of spherical (a) and faceted (b) particles.



supported the formation of a single-crystal-like aggregate
of Sm2Fe17 magnetic clusters by an external magnetic field.

Oxide particles with a narrow size distribution can also
form ordered NCSs. Recently, monodisperse tetrahedral
nanocrystals of CoO were prepared and formed large-area
self-assembled monolayers, in which size and phase selec-
tion were performed using a magnetic field.[36] A decade
ago Bentzon et al.[37,38] demonstrated the hcp packing of a-
Fe2O3 nanoparticles (antiferromagnet) prepared by de-
composition of Fe(CO)5 in a mixture of decalin and Sarko-
syl-O.[39] This was a significant advance that proved the ex-
perimental feasibility of forming ordered NCSs of oxide
particles. Dispersed e-Fe3N fine particles synthesized by a
vapor±liquid chemical reaction between Fe(CO)5 and am-
monia resulted in a narrow size distribution, with the for-
mation of nicely locally ordered monolayer arrays.[40]

Periodic packing of nanocrystals is different from the 3D
packing of atoms in several aspects. First, to an excellent
approximation atoms are spherical, while nanoparticles can
be faceted polyhedra, thus the 3D packing of particles can
be critically affected by their shape and size. Second, the
atom size is fixed, but the size of nanoparticles can vary
slightly, although their size distribution is very narrow. Fi-
nally, atomic bonding occurs between outershell (valence)
electrons to form ionic, covalent, or metallic bonds, or mix-
tures of these. In most cases the interatomic distance is
fixed, while the bonding between nanoparticles is gener-
ated by a passivating thiolate surfactant whose length is
controllable, thus the ratio of particle size to interparticle
distance is adjustable. This is a parameter likely to deter-
mine the 3D packing of the nanoparticles. The tunable in-
ternanocrystal spacing permits control over interparticle in-
teractions, giving rise to novel tunable structural, optical,
and transport properties.

3. Atomic-Scale Structure of Nanoparticles

Studies of the atomic-scale structure of nanoparticles
have been carried out for many years and the literature is

vast. High-resolution transmission electron microscopy
(HRTEM) has played a vital role as it is the only technique
that allows real-space imaging of the atomic distribution in
nanoparticles. If the particle is oriented along a low index
zone axis, the distribution of atoms on the surface can be im-
aged in profile, and the surface structure is directly seen with
the full resolution power of a TEM.[41] This is a powerful
technique for directly imaging the projected shapes of nano-
particles, particularly when the particle size is small. With
consideration of the particle shape symmetry, HRTEM can
be used to determine the 3D shape of small particles al-
though the image is a 2D projection of a 3D object.[42]

The TEM results presented in this article were recorded
either at 200 kV using a Hitachi HF-2000 TEM equipped
with a field emission source or at 400 kV using a JEOL
4000EX HRTEM. The highly coherent source of the Hita-
chi TEM is suitable for imaging small clusters because of
enhanced phase contrast, and a point-to-point image res-
olution of 0.23 nm can be achieved. In addition, this TEM
is also equipped with energy dispersive X-ray spectroscopy
and electron energy loss spectroscopy for chemical analysis.
The JEOL 4000EX is an ideal machine for recording
HRTEM images at a resolution of 0.17 nm.

Figure 2a shows a group of cubo-octahedral shapes as a
function of the ratio, R, of the growth rate in the á100ñ di-
rection to that in the á111ñ direction. The longest direction
in a cube is the á111ñ diagonal, the longest direction in the
octahedron is the á100ñ diagonal, and the longest direction
in the cubo-octahedron (R = 0.87) is the á110ñ direction.
The particles with 0.87 < R < 1.73 have {100} and {111}
facets, and are termed truncated octahedra (TO). The
other group of particles has a fixed (111) base with exposed
{111} and {100} facets (Fig. 2b). An increase in the area ra-
tio of {111} to {100} results in the evolution of particle
shapes from triangular pyramid to tetrahedron. TO parti-
cles have frequently been observed in Au, Pt, and Ag,
while cubes and tetrahedra have been observed in Pt[43,44]

and CoO.[36]

The small size of nanoparticles means that they usually
contain no dislocations, but planar defects such as twins
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Fig. 2. a) Geometrical shapes of cubo-octa-
hedral nanocrystals as a function of the
ratio, R, of the growth rate along the á100ñ
direction to that of the á111ñ direction. b)
Shape evolution of a series of (111)-based
nanoparticles as the ratio of {111} to {100}
increases. The initial particle is bounded by
three {100} facets and a (111) base, while
the final one is a {111}-bounded tetrahe-
dron. c) Geometrical shapes of multiply
twinned decahedral and icosahedral parti-
cles.
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and stacking faults are abundant. The two most typical ex-
amples of multiply twinned particles (MTP) are decahe-
dron and icosahedron.[45,46] Marks[42] has reviewed experi-
mental studies on these types of particles and the surface
energy for determining their shapes. HRTEM observations
and the corresponding image simulation of the MTPs are
described in detail by Buffat et al.[47] Starting from an fcc
structured tetrahedron, a decahedron is assembled from
five tetrahedra that share an edge (Fig. 2c). If the observa-
tion direction is along the five-fold axis and the conditions
are ideal, each tetrahedron takes up an angle of 70.5�; five
of them can only occupy a total of 352.6�, leaving a 7.4�
gap. Therefore, strain must be induced in the particle to fill
the gap.[48,49] An icosahedron is assembled using 20 tetrahe-
dra that share an apex. Both types of MTPs have been ob-
served in a variety of materials systems (and have been re-
viewed elsewhere[50]).

Figures 3a±c show the typical shapes of Au particles ob-
served in the nanocrystals used to assemble NCSs. The
shapes most frequently observed are TO and particles with
a single twin. Decahedral particles are seen occasionally. A
common feature of these particles is the {111} and {100} fa-
cets, which may strongly affect the crystal structure of the
3D assembly. For small particles, the number of atoms
needed to form a specific particle shape is the so-called
magic number, for example, the two TO Pt clusters with 79
and 225 atoms shown in Figure 3d.[51] Platinum can form
cubic and tetrahedral shapes: the one indicated in Figure
3e is a small tetrahedron possibly with truncated corners.

The shapes displayed by nanoparticles unambiguously illus-
trate that the assembly of nanocrystals is quite different
from the packing of ªhardº spheres, that is, the shapes, cor-
ners, and the distribution of thiolates on the surface are im-
portant. Therefore, the goal of the following sections is to
illustrate approaches to the analysis of the self-assembled
nanocrystal superlattice structures formed.

In addition to HRTEM, X-ray diffraction is a powerful
tool for refining the structure of nanoclusters, particularly
those smaller than 2 nm. If the particles are oriented ran-
domly so that the entire assembly can be treated as a ªpoly-
crystallineº specimen composed of nanocrystals with iden-
tical structure but random orientation so that the scattering
from each can be treated independently, the structure of
the nanocrystals can be refined by quantitative comparison
of the theoretically calculated diffraction spectra for differ-
ent nanocrystal models with the experimentally observed
ones. This was recently performed by Cleveland et al.[52,53]

in the determination of decahedral Au nanocluster struc-
tures 1.7±1.9 nm in size.

4. 2D and 3D Assembly of Nanoparticles

As in the analysis of other materials, X-ray diffraction is
the first choice for examining the formation of crystalline
assemblies. The diffraction spectrum in the high-angle
range is directly related to the atomic structure of the na-
nocrystal, while the spectrum in the small-angle region is
directly associated to the ordered assembly of the nano-
crystals.[8,28] By examining the diffraction peaks that are
missing from the spectrum one may identify the crystallo-
graphic packing. This analysis is based on the assumption
that each particle is identical in size, shape, and even orien-
tation (i.e., the same X-ray scattering factor), so that the
extinction rules derived from diffraction physics apply. In
practice, however, a fluctuation in either the size, orienta-
tion, or shape can easily make this assumption untenable.
This is the reason why a quantitative analysis of the low-
angle diffraction spectrum is rather difficult. Therefore, cau-
tion must be exercised in interpretation of the 3D assembly
using X-ray diffraction data. Nevertheless, X-ray diffraction
is still the most powerful technique for evaluating the aver-
age interparticle distance DXRD, and is a unique technique
for studying the in-situ pressure- and/or temperature-in-
duced phase transformations in nanocrystals.[27]

An alternative technique for studying nanocrystals is
mass spectroscopy, which is a powerful technique for mea-
suring the core size of nanoparticles. By measuring the
mass distribution of the as-prepared nanoparticles, the par-
ticle size (or average diameter), DMS, can be calculated if
the density of the particle is assumed to be the same as in
the bulk and the particle shape is approximated as spheri-
cal. Combined use of the data from X-ray diffraction and
mass spectroscopy gives the difference DD = DXRD ± DMS,
which can be compared with the length of the thiolate mol-

Fig. 3. a±c) Typical particle shapes observed in Au nanocrystals. d,e) Small-
size truncated octahedral and tetrahedral clusters of Pt, where 79 and 225 in-
dicate the likely number of atoms in the corresponding nanocrystals. (Pt par-
ticles were synthesized by Professor M. A. El-Sayed and Dr. T. S. Ahmadi.)



ecule passivated on the particle to determine the depth of
interpenetration (or overlap) between thiolate chains on
forming the interdigitating molecular bonds. This type of
study was illustrated to be an effective method for under-
standing the packing and interparticle interaction in Au
systems.[25,54] In fact, an NCS is a structurally ordered nano-
composite of nanocrystals with organic molecules, and this
material is an insulator if the chain molecule is long. By
controlling the length of the thiolate, a transition from insu-
lator to semiconductor or conductor can be introduced, re-
sulting in tunable properties. This has been demonstrated
for Ag NCSs.[81]

In addition, mass spectroscopy is also very powerful for
the detection of the critical size of the smallest nanocluster
that can be synthesized and the magic number of atoms
comprising the cluster.[24] This type of analysis is unique to
clusters in which the atoms have not formed a well-defined
crystal lattice, prohibiting the use of X-ray diffraction and
HRTEM.

Moreover, although X-ray diffraction may indicate or-
dered packing in the assembled nanocrystals, the range of
ordering is still unknown. This is similar to the X-ray dif-
fraction spectrum of a polycrystalline specimen, in which
analysis of the grain size from the diffraction spectrum is
rather difficult because there are many factors, such as de-
fects, dislocations, and structural imperfections at surfaces/
interfaces, that can give rise to line broadening. In this case,
TEM is useful for imaging particle packing.

TEM specimens of NCSs are usually prepared under am-
bient conditions by depositing droplets of nanocrystal sol-
ution onto carbon films supported by Cu grids, only varying
the drying time used when preparing the self-assembled na-
nocrystal superlattices. In all cases 3±5 mL of a concen-
trated solution of silver nanocrystals were applied to a
TEM grid. Samples dried using no additional solvent took
approximately 7±10 min until they appeared dry by eye.
Analysis of this method showed that irregular crystals with
little uniformity, symmetry, or crystal faceting were formed,
although, on a smaller scale (tenths of micrometers), three-
dimensional periodic nanocrystal packing was observed.
As the samples were dried more and more slowly, via addi-
tion of toluene solvent during drying and covering with a
watchglass, analysis showed increased uniformity in lateral
size, shape, thickness, and crystal faceting.

A 2D monolayer of self-assembled Au particles is shown
in Figure 4.[55] It is apparent that the particle size is uni-
form, but the ordered packing is only short range, as indi-
cated by arrowheads. In the region where two layers over-
lap, the short-range order in each layer is overshadowed by
the disordered component of the other layer. It appears
that an ordered structure does not exist as the number of
stacked layers is increased, but this is owing to complica-
tions from the 2D projection effect in TEM imaging. In this
case, X-ray diffraction might show reasonably well-ordered
structures. Therefore, one must realize the complications
involved in TEM imaging compared to X-ray diffraction.

Judging from the TEM image shown in Figure 4 it might
be concluded that the structure is rather disordered, but it
may in fact still preserve some locally highly ordered struc-
ture. For multiply stacked layers, the ordered structure is
apparent if the degree of order is high, such an example is
given in Figure 5, where the stacking shows the [011]s pro-
jected symmetry of the face-centered cubic structure, and
the subscript s represents the Miller index of NCSs. The an-
gle measured from the lattice of the NCS is 71�, in excellent
agreement with the theoretically expected value of 70.52�
between the (111)s and (111)s planes. The structural model
is based on other observations of the same specimen, as
discussed later and shown in Figure 12.
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Fig. 4. TEM image of Au nanocrystals showing monolayer and double-layer
self-assembly, where two regions with short-range order are indicated by ar-
rowheads. The average particle size is 3±4 nm. (Nanocrystals were synthe-
sized by Dr. S. Murthy.)

Fig. 5. [011]s TEM image of a 3D fcc assembled Au nanocrystal superlattice,
where the projected unit cell is indicated and the structural model is shown
in the inset, in which the particles located at an upper level with respect to
the viewer are pasted in gray. A Fourier transform of the image is also
shown and is indexed in the fcc system. The average particle size is 3±4 nm.
(Nanocrystals were synthesized by Prof. R. L. Whetten.)
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5. Translational and Orientational Ordering

Translational ordering of NCSs can easily be seen via
TEM images, but the analysis of orientational ordering of
nanoparticles is a rather difficult task. Since the conven-
tional bright-field TEM image is almost completely insensi-
tive to the orientation of the nanoparticles, particularly
when their size is less than a few nanometers (although
HRTEM may be helpful for a small region), electron dif-
fraction was used. A selected-area electron diffraction pat-
tern recorded on a ~4 mm Ag NCS is shown in Figure 6.

The 6-fold symmetric diffraction pattern from the superlat-
tice is apparent near the central transmitted spot, while dif-
fraction from the atomic lattices of Ag gives a ring pattern,
possibly indicating no orientational order in this region.
Before reaching this conclusion one must, however, consid-
er the short-range ordering characteristics in particle orien-
tation. Dark-field TEM imaging can be useful for solving
this problem.

Dark-field TEM images are formed using the electrons
that are diffracted to angles away from the (000) central
transmitted spot. By selecting the electrons falling in a spe-
cific angular range, one may find the real-space distribution
of the particles that are oriented in a direction likely to give
a Bragg reflection in the angular range selected by the
small objective aperture for forming the image. Figure 7a is

a bright-field image of a monolayer Ag NCS and the corre-
sponding electron diffraction pattern. To map the orienta-
tional distribution of the Ag particles, the reflection from
the Ag atomic lattices, such as the (220) and (311) rings, is
selected. Figures 7b and 7c are two dark-field images re-
corded by selecting the electrons scattered to the angular
ranges indicated by circles b and c in the diffraction pat-
tern, respectively; the size of the circle represents the ap-
proximate size of the objective aperture used. By examin-
ing the intensity distribution in the volume of each particle
the astonishing fact was discovered that only part of the
particle gives rise to the reflection selected by the objective
aperture. This unambiguously proves that the particles are
not single crystalline, but could have twin or multiple twin
defects. By examining the intensity distribution across the
entire image, it was found, based on the similarity in con-
trast of each particle, that the particles distributed in the re-
gions indicated by A, B, C, and D have a common orienta-
tion. A few examples are indicated by arrowheads in the
image. The short-range order in particle orientation is not
seen in the electron diffraction pattern as it is an average of
all the differently oriented particles.

Fig. 6. An electron diffraction pattern recorded on an hcp packed Ag NCS,
showing the 6-fold symmetry of the superlattice reflections at low angle,
while the high-angle scattering from the atomic Ag lattices is a continuous
ring pattern, indicating no average orientational order across a large speci-
men area (~4 mm).

Fig. 7. a) Bright-field TEM image and the corresponding electron diffrac-
tion pattern of a self-assembled monolayer of Ag nanocrystals. b,c) Dark-
field TEM images recorded in the same region by selecting the electrons
scattered to the angular ranges indicated by the b and c circles in (a), respec-
tively, showing the twinned structures of the particles and their short-range
orientational order. The average particle size is 6 nm. (Nanocrystals were
synthesized by Drs. I. Vezmar and M. M. Alvarez.)



It is worth pointing out that the particles with circular con-
trast (see region D in Fig. 7c) may be multiply twinned. To
confirm this, HRTEM images were recorded in the region
(Fig. 8) in which singly twinned (T), single crystal (S), deca-
hedral (D), and icosahedral (I) particles are observed; the
majority of the particles contain twins, in agreement with
the results from dark-field imaging. The twinned particles
have more facets and appear to be close to spherical, thus
their assembly is likely to be (111)s close-packed, as in the
case of ªhardº balls, in agreement with the electron diffrac-
tion pattern shown in Figure 6. It needs to be pointed out

that the HRTEM image of the particles belonging to NCSs
is rather difficult to record experimentally because of
strong background noise from the carbon film and the thio-
late passivating layer. This is a major obstacle prohibiting
the application of HRTEM imaging to resolve the structure
of NCSs, particularly when there are more than two
stacked layers.

In NCSs a 6-fold projected symmetrical distribution of
the particles is usually seen. This configuration could corre-
spond to the fcc (or body-centered cubic, bcc) [111]s direc-
tion or the hcp [0001]s direction, provided no other type of
packing is possible. To uniquely determine the 3D packing,
45� specimen tilting is required to change the imaging zone
axis from [111]s (or [0001]s) to another low index zone axis.
This experiment is indispensable in order to pin down the
answer.[16,19]

6. Nanocrystal Shape in 3D Assemblies

As demonstrated in Figure 3, nanocrystals can have
shapes other than spherical, for example, TO. This is the

case for Ag nanocrystals prepared by an aerosol tech-
nique.[21] We use this here as an example to illustrate the
analysis of this type of structure. Figures 9a and b are two

bright-field TEM images recorded on the same area of an
NCS under two different defocus conditions. The image re-
corded under the near-in-focus condition (Fig. 9a) clearly
illustrates the particle shapes, while the image recorded un-
der the under-focus condition reveals the distribution of
thiolate molecules on the surface of the particles, a point
addressed later (Sec. 7). In the region with almost perfect
particle packing, the shape of the nanocrystals is close to
the [110] projection of a TO particle. From the geometrical
configuration shown in Figure 2a, a TO particle is single
crystalline with no twinning. Direct proof of this comes
from dark-field imaging, as shown in Figure 9c, recorded
on the same specimen region by selecting a portion of the
(220) and (311) diffraction rings using a small objective
aperture as used to record the images shown in Figure 7b.
It is apparent that most of the particles show uniform
bright contrast, indicating the absence of twins in the parti-
cle with reference to the image contrast shown earlier in
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Fig. 8. HRTEM image of a self-assembled monolayer of Ag nanocrystals,
showing the presence of single crystal (S), twinned (T), decahedral (D), and
icosahedral (I) nanoparticles in a local region.

Fig. 9. a,b) Bright-field [110]s TEM images of a 3D fcc NCS assembled from
faceted Ag nanocrystals, recorded under the conditions of in-focus and un-
der-focus, respectively. The particle shapes are mainly dominated by trun-
cated octahedra. A Fourier transform of the image is inset in (a). c) Dark-
field TEM image recorded under the same condition as for Figure 8b, show-
ing the single-crystal structure of the nanoparticles. The average particle size
is 6±7 nm. (Nanocrystals were synthesized by Drs. R. L. Whetten and I. Vez-
mar.)
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Figures 7b and c. From the Fourier transform of the image
(inset, Fig. 7a) the pattern is clearly the [110]s diffraction
pattern of an fcc lattice.

The NCS was imaged from different perspectives to gath-
er all the information needed to construct the 3D model.
Figure 10a shows a [111]s image of the NCS, in which the 6-

fold symmetry is clearly imaged. The [110]s image unam-
biguously shows the TO shape of the Ag nanocrystals as
well as orientational ordering in the local region. Com-
pared to the [110]s image shown in Figure 9a, the crystal
shape is much more apparent in the image displayed in Fig-
ure 10b, although both images support fcc packing.

To confirm the fcc packing of the nanocrystals an image
showing the [110]s and [100]s projections of the NCS is pre-
sented (Fig. 11a). The lattice constants measured from the
A and B regions are consistent. More interestingly, it was

noticed in region B, where the [100] image is shown, there
is little difference in the contrast of the particle columns in-
dicated by arrowheads, which possibly indicates that the
number of the stacked particle layers is odd, for example, 3
or 5, so that the projected densities of the particles along
the two adjacent columns are different by one. To refine
the particle shape concluded from the low-resolution TEM
image, HRTEM images were recorded using a large objec-
tive aperture that encloses a few Bragg beams, the results
of which are given in Figure 11b, in which two TO particles
are displayed and the boundaries of the nanocrystals are
marked by solid lines. The {100} and {111} facets were
clearly observed although some stacking faults were seen
in the second particle. HRTEM images are the interference
result of the electron waves diffracted by crystal lattices
into different directions defined by the reciprocal lattice
vectors, taking into consideration the characteristics of the
objective lens for information transfer. Lattice fringes are
usually observed in the image as a result of interference be-

Fig. 10. [111]s (a) and [110]s (b) TEM images of a 3D fcc NCS assembled
from TO Ag nanocrystals, in which the Fourier transform and the corre-
sponding structural models are inset. The streaks in the patterns are due to
the finite window used in the Fourier transform. The particles labeled 1, 2,
and 3 and pasted with different patterns represent the first, second, and
third layers of particles, respectively, counting from the substrate. The
ºspringsº attached to the facets of the particles represent the bundled thio-
late molecular bonds interconnecting the particles.

Fig. 11. a) TEM image of a 3D fcc Ag NCS showing the [110]s and [100]s

projected symmetries of the crystal. b) HRTEM images of a monolayer
NCS, showing the TO shape of the nanocrystals. c) A geometrical model of
the TO particle shape. d) A structural model correlating the ordered particle
orientation and the fcc packing of the superlattice based on the structural in-
formation provided in Figures 9±11 (a,b) [12].



tween different Bragg beams, but the white or dark dots
may or may not represent columns of the atoms, depending
on the specimen thickness and lens defocus. Furthermore,
fringes observed near nanocrystals may not correspond to
any crystal lattice, such as the fringes observed at the
upper-left side of the crystal shown in Figure 3b; such
fringes are named ªghostº fringes as they result purely
from electron interference rather than structure.[56] This
phenomenon is quite often observed in HRTEM images re-
corded using a TEM equipped with a field emission source
because of high coherence.

We now build a model that correlates the orientation of
Ag nanocrystals with the lattice of the NCS. The majority
of the Ag particles have the TO shape that is bounded by
six {100} facets and eight {111} facets. When viewed along
the [110] direction, two {100} facets and four {111} facets
are projected edge-on (Fig. 11c). To summarize the data
provided in Figures 9±11, the orientational relationship be-
tween the Ag particles and the nanocrystal lattice is [110] k
[110]s and [002] k [110]s. A model is given in Figure 11d to
illustrate the registered orientational relationship of the na-
nocrystals and the lattice of the NCS. The faceted structure
of the Ag particles produces non-identical projected
images when viewed along the [110]s and [110]s directions,
according to the proposed model. When the electron beam
is parallel to the [110]s direction, the [110] orientation of
the Ag particles is parallel to the [110]s direction of the
superlattice, where four {111} and two {100} facets of the
particle are parallel to the electron beam, in agreement
with the image shown in Figure 10b. On the other hand, if
the viewing direction is [110]s, the particle shape appears
more like a sphere, such as the one displayed in region A in
Figure 11a and the one shown in Figure 9. This exercise
tells us that the particle shape should not be concluded
from the information provided by a single image. It is
highly recommended that the consistency of all the re-
corded images should be examined. Precisely said, the
model proposed in Figure 11d is face-centered tetragonal
in which as = bs ¹ cs.

To examine the proposed model in detail, the [110]s pro-
jection of the model is inserted in Figure 10b, according to
which an angle a is expected between the (111) facet (as in-
dicated) of the Ag particle and the (111)s plane of the super-
lattice, which is calculated to be 19.4� based on geometrical
considerations. This angle was observed in the HRTEM im-
age of an Ag NCS monolayer,[12] and the experimental re-
sult was 15.5� ± 2�, in reasonable agreement with the ex-
pected value, considering the distortion in the NCS lattice.

7. Bundling and Interdigitating of Interparticle
Molecular Bonds

As I pointed out previously, the passivated thiolate mol-
ecules serve as the interparticle bonds for constructing the
NCS. For particles whose shape can be approximated as

spherical, the distribution of the thiolate chains on the sur-
face is likely to be uniform without bundle formation. For
faceted particles, however, the uniform passivation model
may not be the case. It is also interesting to know if the
thiolates are concentrated at the surfaces, corners, or edges.
Here we use the information provided by TEM to show the
bundling effect of the thiolate chains on the surfaces of na-
nocrystals. First I illustrate the physical mechanism used by
HRTEM to provide this type of information.

For simplicity, we consider the electron phase modula-
tion introduced by a crystal potential V. The kinetic energy
(or momentum) is perturbed by the crystal potential, re-
sulting in a small correction to the electron wavelength,
which gives rise to phase modulation. Thus, the electron
wavefunction after traversing a thin specimen is approxi-
mated by Equation 1,[57] where s = p/lU0, l is the electron
wavelength in vacuum, U0 is the acceleration voltage of the
microscope, and Vp (see Eq. 2) is the projected potential of
the crystal over the entire thickness d along the incident
beam direction (e.g. the z-axis).

C(x,y) » exp[isVp(x,y)] (1)

Vp =
Rd
0

dz V(r) (2)

This is known as the phase object approximation, and the
contrast produced by this mechanism is called phase
contrast. If the specimen is a weakly scattering object, so
that ½sVp½ << 1, the wavefunction can be approximated as
shown in Equation 3. This is the weak-phase object approx-
imation, which representatively illustrates the physics in-
volved in HRTEM, although it fails in most of the cases of
interest.

C(x,y) » 1 + isVp(b) ±
s2

2
[Vp(b)]2 (3)

The electron wavefunction at the exit face of the crystal
must be transferred through the lens system in TEM before
reaching the recording plate. The effect introduced by the
nonlinear information transfer characteristics of the lens is
described by Abbe's imaging theory, according to which
the intensity distribution in the image plane is can be
described as in Equation 4,[41] where tobj is the inverse
Fourier transform of the objective lens transfer function
Tobj(u)A(u) in reciprocal space u, A(u) is the aperture func-
tion, and : indicates a convolution calculation.

I(x,y) = jC(x,y): tobj(x,y)j2 (4)

For imaging the shape of nanocrystals, the resolution of
the TEM can be assumed to be much higher than the parti-
cle size so that one can take the spherical aberration coeffi-
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cient of the objective lens to be Cs » 0. Thus Tobj(u) »
exp(piDflu2). The aperture function can be approximated
by a narrow Gaussian function to represent the information
transfer of the objective aperture, A(u) = exp(±pb2u2),
where Df is the defocus value and b is a parameter that
characterizes the size of the objective aperture. Therefore,
tobj can be calculated accordingly (Eq. 5).

tobj »
1

b2ÿiDfl
exp
�
ÿ p�x

2�y2�
b2ÿiDfl

�
(5)

Under the weak-phase object approximation, Equation 4
becomes Equation 6.

I(x,y) » 1 ± 2sVp(x,y) : Im[tobj(x,y)] +

s2jVp(x,y) : tobj(x,y)j2 ± s2[Vp(x,y)]2 : Re[tobj(x,y)] (6)

This equation has two important results. The image con-
trast is directly related to the two-dimensional projected
potential of the crystal. Thus, the image reflects the pro-
jected structure of the crystal. The other result is that the
contrast of the atom rows is determined by the sign and
real-space distribution of tobj. We now examine the result
of Equation 6 in two simple situations.

First the in-focus condition, Df = 0, at which Im[tobj(x,y)]
= 0 (Eq. 7).

I(x,y) = 1 + s2jVp(x,y) : tobj(x,y)j2 ±

s2[Vp(x,y)]2 : tobj(x,y) (7)

Since tobj(x,y) is a Gaussian-like function, the convolu-
tion of this with the projected potential is equivalent to
rounding off the sharp corners of the object, i.e. reducing
the resolution. However, the image contrast is directly re-
lated to the shape of the projected potential. This is the
reason why images such as the one in Figure 9a give the
shape of the nanocrystals. Since the projected potential of
the passivating layer is much weaker than that of the core
metal particle, the contrast produced by the thiolate is al-
most invisible because the contrast is related to ½Vp½2.

In the second case, where Df ¹ 0 but is small (½Dfl½ <<
b2), the second and third terms in Equation 6 can be
dropped because they are second-order effects (Eqs. 8a
and b).

I(x,y) » 1 ± 2 sVp(x,y) : Im[tobj(x,y)] (8a)

Im(tobj) »
Dfl
b4

�
1ÿ p�x2�y2�

b2

�
exp
�
ÿ p�x

2�y2�
b2

�
(8b)

Im(tobj) is a sharp decay function and its sign depends on
the sign of Df. This is the basis of contrast reversal with

change of defocus. The image contrast is approximately
scaled according to Vp, enhancing the influence of the thio-
late layers. Thus the visibility of the thiolate layer is signifi-
cantly increased compared to the case for Df = 0, as shown
experimentally in Figures 9b and 10.

Under the defocus condition of Df < 0, Im(tobj) < 0,
the regions with appreciable potential Vp shows darker
contrast (note Vp < 0). This is the reason why the region
with accumulated thiolate molecules shows darker con-
trast; the regions without any molecules or with lower mol-
ecule density show brighter contrast. Therefore, the distri-
bution of bundled thiolate molecules is easily identified in
Figures 9b and 10. Accordingly, the interparticle thiolate
molecules can be schematically represented by springs, as
shown in the models inset in Figure 10. Considering the
symmetry of the image contrast, these springs have roots at
the {100} and {111} facets rather than edges or corners.
Thus the particles are packed as closely as possible into a
face-to-face configuration. The non-uniform distribution of
the thiolate molecules on the surface is the result of faceted
particles. Images recorded at the defocus condition clearly
show directional intermolecular bonds, with the n-alkyl-
thiolate surfactant between the particles, for example, as in
Figure 9, where the bright contrast dots are the open chan-
nels enclosed by bundled surfactant molecules. These
bonds interconnect the facets of Ag particles, and they
serve as the binding force that holds the particles together
to form a 3D lattice. Recent TEM images formed by
energy-selected electrons after ionization of the carbon K
edge clearly indicate the bundled distribution of the thio-
late on the nanocrystal surface, unambiguously proving this
conclusion.[82] The interactions between the thiolate chains
is via van der Waals forces with a bonding energy of
~0.1 eV. The bond length only reaches the first nearest
neighbors.

From the structural point of view, these molecular bonds
tend to align the facets on which they are connected in a
parallel fashion, possibly resulting in a slight tilt/twist in the
orientation of the particle. This is probably the reason why
only one set of {111} fringes are often seen in the HRTEM
image; a small tilt, even as small as 1�, destroys the visibility
of the other set of {111} fringes, which are expected to ap-
pear in the image if the particles are oriented exactly with
the [110] direction parallel to the incident beam.[12] The
size of the open channels enclosed by the surfactant bonds
was measured to be 1±2 nm, which could be useful for mo-
lecular filtering. Our experimental observations support
the interdigitation model describing the interaction be-
tween the thiolate molecules belonging to two nano-
crystals.[58]

We now return to Figure 10 to discuss the particle shape.
Our experience has shown that [111]s TEM images are
most frequency observed if the particle shape is fairly close
to spherical. For particles with a TO shape, [110]s images
are usually obtained.[12] This phenomenon may be asso-
ciated to the interaction of the thiolate layer with the sub-



strate. The particle tends to have maximum contact with
the substrate in order to lower the surface energy, indicat-
ing that the properties of the substrate could affect the
crystallographic packing, but more research is needed to
examine this problem. On the other hand, the [111]s image
illustrated in Figure 10a may give a misleading interpreta-
tion of the particle shape. Based on the model displayed in
Figure 11d, a [111]s projection of the model is shown in Fig-
ure 10a, in which the particle appears almost spherical in
shape, although the 3D shape is TO. This result clearly
warns us that the particle shape cannot be directly deter-
mined from the image recorded along the [111]s direction,
while an image from the [110]s direction clearly shows the
particle shape (Fig. 10b). Therefore, a specimen tilting ex-
periment is indispensable to fully understand the shape of
the particles. Experiments of this type usually require a tilt
angle as large as 45�.

Scanning probe microscopy, which includes scanning tun-
neling microscopy (STM) and atomic force microscopy
(AFM), is a powerful approach to directly imaging self-
assembled organic monolayers. This study was carried out
recently on alkanethiol self-assembly on Au(111) sur-
faces,[59,60] and the results support the bundling of thiolates
on the surface of Au, in agreement with our conclusion
from TEM.

8. Defect Structures in NCSs

It is well known that defects and dislocations are created
in solid materials to accommodate local strain and defor-
mation. Structural characterization of solid-state materials
is usually concentrated on the analysis of defects and inter-
faces. Our task here is to illustrate the defect analysis in
NCS using TEM, which cannot be provided by X-ray dif-
fraction. A defect structure is a deviation from the ordered
structure, and a full understanding of the periodic structure
is the basis of analyzing defects.

8.1. ªCracksº and Point Defects

As pointed out earlier, the as-synthesized nanocrystals
are dispersed in liquid, in which size selection according
to mass is performed. NCSs are formed by depositing
droplets of passivated nanocrystals on a solid-state sub-
strate via a slow drying process. The diffusion of the na-
nocrystals on the substrate is possibly driven by hydraulic
forces as drying takes place. Thus the wetting problem,
the viscosity, and the limiting concentration of the nano-
crystals determine the types of defects and their density.
The TEM image shown in Figure 7b clearly illustrates the
ªmicrocracksº created in the packing of a monolayer of
Ag nanocrystals, which are likely to be the result of wet-
drying processes. Point defects are also frequently ob-
served in NCSs.

8.2. Slip Planes

The slip is a typical microstructure of metallurgic materi-
als and is an important structure, responsible, at least in
part, for the deformation of materials. This type of struc-
ture is created by the sliding of part of the crystal parallel
to the slip plane along a specific direction, namely the slip
direction. This type of structure also occurs in NCSs.

Figure 12a shows a TEM image recorded on the same
specimen used in Figure 5. The Au particles align along
some lines, and the line directions form an angle of 107 ±
1�, exhibiting a ªtwinº relationship between the A, B, and
C domains. To examine the registered orientational rela-
tionship between the particles and the lines, an HRTEM
image of domain B was recorded and the results are given
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Fig. 12. a) TEM image of a self-assembled structure of Au nanocrystals, ex-
hibiting ªtwinº symmetry. This structure was observed in the same speci-
men, the image of which is shown in Figure 5. b) An enlarged image of
area B showing the single crystallinity of the gold particles and their ordered
orientations with respect to the particle assembly plane. A statistical plot is
given of the measured angles between the (111) plane of Ag and the (111)s

plane of NCS. The particle shapes are likely to be dominated by TO, but the
assembly could be affected by the size fluctuation of nanocrystals.
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in Figure 12b. The orientation of the Au {111} fringes can
be measured with respect to the line direction (or the
(111)s plane of the supercrystal). It is surprising that the
average angle is 17 ± 2� clockwise, as determined from the
statistical plot inset in Figure 12b. More importantly, most
of the particles are single crystals without twins, thus the
crystal shape is possibly TO, according to the calculation of
Whetten et al.[8] This image can be analyzed with reference
to the fcc structural model provided in Figure 5.

The defect model is built starting from a perfect fcc struc-
ture oriented along the [110]s direction (Fig. 13a). If nano-
crystal assembly is made layer by layer parallel to the sub-
strate, the stacking positions of the nanocrystals can be
shifted owing to the existence of four equivalent positions,
marked A±D in the upper-left corner. It must be pointed

out that these positions may not be allowed in conventional
atomic packing because of short- and long-range inter-
atomic interactions. In contrast, the packing of nanocrystals
is primarily determined by the size of the interstitial posi-
tions compared to the available size of the nanocrystals.
Among the four available positions, A and B or C and D
can be taken up simultaneously by the next stacking layer,
which is represented by layer 3 in the figure. The slip of
layer 3 to occupy the A and B positions results in the for-
mation of densely packed crystal rows, as shown at the
right-hand side of the figure. If the particle shape is TO and
the packing model can be described by a similar one to that
shown in Figure 11d, the angle between the (111) planes of
Ag and the (111)s plane of the NCS is 19.4�, in agreement
with the sign and magnitude of the angle measured in Fig-

Fig. 13. a) A model of the twin structure
observed in Figure 12, constructed by an
fcc NCS oriented along [110]s with the in-
troduction of a slip plane and different slip
directions. The first two layers, labeled 1
and 2, preserve the fcc model, while the
third and fourth layers are stacked on top
with static displacements in the (110)s

plane (see text). b) Formation of a MoirØ
pattern by stacking two (111) nanocrystal
packed layers rotated 30� with respect to
each other.



ure 12b. The slip plane here is (110)s and the slip direction
is 1

8[112].
On the other hand, if the slip positions are C and D in-

stead, the densely packed nanocrystal lines shown on the
left-hand side of Figure 13a are formed. The two sets of
lines on the left- and the right-hand side form a twin struc-
ture and the angle between the two is calculated theoreti-
cally to be 109.5�, in excellent agreement with the 107�
measured experimentally. The slip plane here is (110)s and
the slip direction is 1

8[112]. The twin image is formed as a re-
sult of the two equivalent slip directions.

It is well known that the MoirØ pattern presents itself in
electron diffraction patterns, and it is generated by the
stacking of two crystals oriented in different directions.
MoirØ patterns are also observed in NCSs, in which two as-
sembled layers are stacked rotated at an angle to each
other. For a (111)s packed layer stacked on the other layer
rotated by 30�, a ªdonutº ring contrast is produced around
the rotation center in the image (Fig. 13b). This was ob-
served in Au NCSs.[61]

8.3. Twins and Stacking Faults

Twins and stacking faults are important microstructures
in deformation of materials. These types of planar defects
are also observed in NCSs, as shown in Figure 14. The pres-
ence of twin structures is directly observed in the Fourier
transform of the image, exhibiting mirror symmetry. The
twin and stacking planes are (111)s, as indicated by arrow-
heads. The Ag nanocrystals have the TO shape and the

NCS has fcc packing. The formation of these planar defects
can be understood as follows.

As concluded from the discussion in Sections 6 and 7, in-
termolecular bonds are formed by the bundling of the sur-
factants on the {111} and {100} facets of the TO Ag parti-
cles. Thus the {111} facets can naturally interconnect with
either the {111} facets or the {100} facets. The latter results
in the rotation of the superlattice, leading to the formation
of a {111}s twin. A model of this case is shown in the inset
of Figure 14, in which a common layer shared by both sides
of the twinned crystal is proposed, which serves as an inter-
mediate step to rotating the particle orientations so that
the face-to-face molecular bonding between particles still
holds. By the same token, if the particle sites are shifted to
modulate the interparticle distance, a stacking fault is
formed. This modulation is limited to only one row of
nanoparticles but still preserves the face-to-face packing.

Nanoparticle packing is a fascinating subject in which
surprises occur. Figure 15a shows a 5-fold multiply twinned
Ag nanocrystal assembly, which is similar to the projection
of a decahedral particle (see Fig. 3c) along the 5-fold axis.
Amazingly, by including 7 particles along each side of the
ªpentagonº, a gap is created at the lower-left side, near to
which a stacking fault is being created (see the arrowhead).
As discussed earlier, strain must be present in the decahe-
dral particle to fill the gap on the atomic scale. This rule
also applies to NCSs although the Ag nanoparticles are TO
in shape and are fcc packed. A corresponding structural
model of the multiply twinned NCS is given in Figure 15b,
where the particles are packed following the face-to-face
rule. This model is proposed for a 2D projected multiply
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Fig. 14. TEM image of an fcc Ag NCS with
twin and stacking fault planar defects,
where the models for the twin and stacking
fault defects are given. The average particle
size is 6 nm.
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twinned NCS without consideration of the thickness varia-
tion across the assembly for a 3D decahedral NCS. From
the image contrast, this nanocrystal assembly is likely to be
a thin, platelet nanocrystal.

The atomic-scale decahedral particle model was first pro-
posed by Ino[45] with reference to TEM micrographs, and a
detailed crystallographic study of the multiply twinned par-
ticles has been given by Yang.[62] To understand the forma-
tion and stability of the decahedral particle, Ino[63] calcu-
lated the total free energy for different types of particles
within the framework of the uniform strain model, assum-
ing bulk values for the cohesive, surface, twin boundary,
and elastic strain energies and for the adhesive energy to
the surface. Mainly owing to the balance between energy
gained by having low-surface-energy, external facets and
energy spent in creating twin boundaries and also due to
the increasing influence of elastic strain energy with size,

he found that below a certain critical size the icosahedral
particle is the most stable, while the decahedral particle is
quasi-stable. In fact, both decahedral and icosahedral parti-
cles have been observed. With reference to the observation
of the 5-fold twinned NCS, it would be interesting to calcu-
late the energy associated with this packing and its stability,
but the interface and surface energies may be unknown.

In addition to the planar defects, edge dislocation and
pairs of edge dislocations have been observed in Ag
NCSs.[17] Similar to conventional materials, strain is also
present in NCS materials except the magnitude of strain
could be much lower.

8.4. Distorted Structures

The assembly of nanocrystals is greatly complicated by
their shape and, in some cases, the unit cell of the superlat-
tice is distorted so much that the crystal structure cannot
easily be assigned. Figure 16 shows two TEM images of the
same specimen region of an Ag NCS recorded under

Fig. 16. a,b) [110]s TEM images of a 3D ªfccº NCS assembled from TO Ag
nanocrystals, recorded under the conditions of in-focus and under-focus, re-
spectively. The particle shape is clearly seen in the in-focus image, and the
defocused image strongly enhances the visibility of the bundled molecular
bonds on the particle surface, where the white dots are the open channels
enclosed by the bundled thiolates. (The TEM image was recorded by Dr.
S. A. Harfenist.) c) A structural model of the observed distortion in the na-
nocrystal array.

Fig. 15. TEM image of an fcc self-assembled Ag nanocrystal array showing a
5-fold multiply twinned structure. The inset is a Fourier transform of the im-
age. b) A structural model of the Ag nanocrystal aggregate comprised of fa-
ceted TO particles, where a stacking fault is being formed at the low-left cor-
ner. (The TEM image was recorded by Dr. S. A. Harfenist.)



slightly different defocus. The in-focus image clearly shows
the TO shape of the Ag nanocrystals (Fig. 16a), while the
bundling of the surfactant is more obvious in the defocused
image (Fig. 16b). The assembly of nanocrystals here can be
divided into five regions, A±E; the boundaries between
them are indicated by solid lines. By tracing the shape of
the particles located at each site, a model is built (Fig. 16c)
in which the unit cells are indicated with dashed lines. The
model is based on the orientation of the Ag nanocrystals as
determined from the defocused image with reference to the
distribution of open channels. It is striking that the shape of
the unit cell is greatly distorted from region to region and
in some areas, such as C and D, the unit cells hardly match
the [110]s projection of fcc packing. In contrast, the (200)s

plane of the NCS is preserved in each domain, while the or-
ientation of the {111}s planes is distorted.

Finally, a ªwoodpeckerº pattern, assembled by a mono-
layer of 6 nm Ag nanocrystals, is shown in Figure 17. The
2D unit cell is indicated by a rectangle, and three possible
models are shown as the particle shape and orientation are
unclear in the image. Model A was built based on the 3D
fcc model provided in Figure 11c, in which the longer side
of the particle is perpendicular to the longer side of the unit
cell, but this is inconsistent with the observations. Model B
is based on Model A except the geometrical shape of the
Ag particles is adjusted to increase the area of the (100) fa-
cets, so that the model fits the observed dimensions. Alter-
natively, the orientation of the Ag particle could be rotated

90� to match the longer side of the particles with respect to
the unit cell, as shown in Model C. Both Models A and B
preserve the rule of face-to-face packing, while Model C is
corner-to-corner. From our experience of analyzing NCSs
of Ag particles Model C is unlikely.[12] Therefore, Model B
is the most reasonable choice.

9. Dynamic Diffraction in NCS Imaging

It is well known that electron diffraction is dominated by
dynamic scattering, leading to the extensive development
of multiple scattering theory for electron diffraction.[64] For
specimens thicker than 2±3 nm, dynamic diffraction theory
is required for quantitative data analysis. In NCS analysis,
dynamic scattering is also inevitable although the number
of stacked layers is low. Figure 18a shows a bright-field

TEM image of an Ag NCS. The particle size is seen at the
edge of the specimen where the number of stacked layers is
likely to be one or two. However, in the region with multi-
layer stacking, fringes considerably smaller than the inter-
particle distance are observed. A Fourier transform of this
image is given in Figure 18b, which reveals the presence of
the second-order diffraction spots from the NCS. The inter-
ference of these beams with the central transmitted beam
or the beams located at the opposite side in the pattern
could give rise to fringes with spacings of as/(h2 + k2 + l2)1/2

and/or as/[2(h2 + k2 + l2)1/2] (for cubic structures) in the im-
age, where (hkl)s are the Miller indices of the reflection.
This is purely a dynamic many-beam interference effect, as
in conventional HRTEM.

Image simulation using the proper dynamic scattering
theory is required if one is interested in quantitative anal-
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Fig. 17. TEM image of a ªwoodpeckerº assembled from a monolayer of Ag
nanocrystals with sizes 6±8 nm. The three possible structural models are also
shown, but only Model B appears likely.

Fig. 18. a) TEM image of a superlattice structure assembled from multi-
layers of Ag nanocrystals, where the real particle sizes are seen at the thin-
edge region and lattice fringes produced by many-beam interferences are
visible in the middle. b) A Fourier transform of the image showing higher
order Bragg reflections from the NCS.
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ysis of the contrast. The calculation is performed by con-
structing a super unit cell in which a nanocrystal is consid-
ered as an ªatomº placed at a lattice site. This type of cal-
culation was performed by Bentzon and ThölØn[38] to refine
the crystal structure of the 3D NCS, with which the image
of fcc [111]s can be distinguished from that of hcp [0001]s

based on the difference in stacking sequences, particularly
when the number of stacked layers is an odd number. The
calculation is essential to interpretation of the ªtriangleº
shape contrast observed in the TEM image.[16]

STM and AFM can be used to measure the thickness of
the stacked layers,[16] and the general thickness is limited to
no more than 20 layers. Dynamic calculations are currently
being carried out to match the contrast observed in TEM
images of the faceted Ag NCS taken in the defocus condi-
tion, such as the one shown in Figure 16b, to refine the den-
sity of bundled thiolate molecules on the nanocrystal sur-
face.[65]

10. Growth Mechanism

Although NCSs have been grown for several different
types of materials, the growth mechanism is still an open
question. In most of the TEM observations, it is seen that
the nanocrystals uniformly adhere to the substrate surface
with no ªpiling upº among pieces of NCS, suggesting that
the NCSs are formed on the liquid surface during the slow
drying process. For TEM observation, a droplet of diluted
solution is deposited on a carbon film; a slow drying process
is critical for forming large size, ordered NCSs. Nanocrystals
are believed to be uniformly suspended in the solution at
first. If the diffusion speed of the nanoparticles in the liquid
is slower than the evaporation speed of the liquid surface,
the particle concentration is expected to increase locally im-
mediately beneath the liquid surface, possibly resulting in
the self-assembly of a 2D monolayer at the liquid surface;
the surface tension might be the force that attaches the as-
sembly to the liquid surface. As the evaporation continues,
a second layer can be formed on top of the first layer if there
are enough particles in the solution. Finally, when the evap-
oration reaches the substrate, the 2D assembled NCS
layer(s) may be broken due to the unmatched curvature be-
tween the liquid droplet and the flat substrate surface, but
no overlap between the large size NCSs would be possible.

From a structural point of view, most of the NCSs com-
prised of spherical nanoparticles have been found to have a
platelet structure and are large size monolayers,[16] indicat-
ing the growth is a layer-by-layer ªepitaxialº growth. This
growth is possible if the nanocrystals are driven to diffuse
towards the liquid surface. This is evident on examining the
crystallinity of Ag NCSs grown by a slow, dilute drying pro-
cess.[16] Moreover, for faceted nanocrystals, the self-as-
sembled NCSs frequently show platelet structures and,
more importantly, planar defects such as twins and stacking
faults are usually observed, indicating that each layer is

grown row by row and particle by particle, in support of the
diffusion model. From the experimental observations of
Harfenist et al.,[16] the triangular platelet structure of Ag
NCSs is bounded by three {110} facets and the plate normal
is [111]s. This type of structure is likely to be grown from a
single nucleation site followed by a row-to-row 2D growth
along á110ñ, forming a triangular monolayer. A continuous
layer-by-layer epitaxial growth on top of this triangular
layer as the particles are provided may form the platelet
structure. The smooth morphological structure of NCSs in-
dicates that particle diffusion is much faster than the rate
of arrival of the particles, and the ªhit-and-stickº model is
not appropriate.[66] This growth mechanism is proposed
based on the current limited experimental data. More ob-
servations are required to examine this model in detail.

11. Discussion and Prospects

For future applications, large size NCSs must be grown
so that a variety of electronic and mechanical properties
can be measured. A new precipitation technique is needed
to expedite the growth of large size NCSs. NCSs examined
by TEM have mostly been grown on carbon films. The ef-
fect of the supporting film on the packing is unclear. It
would be interesting to examine the packing of NCSs if the
same type of nanocrystal is deposited on alternative sub-
strates, such as graphite, NaCl, mica, or MoS2. On the other
hand, the presence of the supporting film greatly affects
the quality of HRTEM images because of the strong effect
of the amorphous layer, particularly at high magnification.
Image simulation indicates that such an effect can totally
suppress the contrast from the particle at specific defocus
conditions.[67]

As pointed out earlier, the bond strength of the thiolate
molecule is in the order of 0.1 eV. This is rather weak for a
single molecular chain. As observed by TEM, the thiolate
molecules tend to be bundled on the surface, so that the in-
terparticle bond strength is the sum of the strengths of all
the chain molecules, which can be significant. In fact, TEM
observations using 400 keV TEM at room temperature do
not result in significant structural damage even after illumi-
nation for as long as 30 min, simply illustrating the high
strength produced by integrated molecular bonding.

In-situ experiments on NCSs are important for studying
the structural stability and phase transformation behavior.
The results can be compared to those predicted by the mo-
lecular dynamic calculations of Luedtke and Landman.[58]

Figure 19 shows a comparison of the monolayer assembled
nanocrystal arrays of CoO when the specimen was an-
nealed in situ from room temperature to 600 �C, during
which the thiolates evaporated/decomposed and the CoO
nanocrystals reacted with the residual carbon and formed
Co2C and Co3C nanocrystals. The monolayer structure is
maintained, possibly due to adhesion to the carbon support
and, in contrast, the areas of multilayer nanocrystal assem-



bly formed larger Co2C particles.[68] Nevertheless, this ex-
periment proves the strong influence of the substrate on
the structural stability of NCSs. The degradation of Ag2S
NCSs in air was reported by Motte et al.,[19] but the struc-
ture of Ag NCSs and Au NCSs studied by me and my co-
workers were found to be stable in air even six months
after preparation.

Electron holographic imaging and energy-filtered TEM
imaging are two new emerging techniques associated with
TEM. Both techniques can be very useful for studying
NCSs. Electron holography is an imaging process based on
the interference properties of electron waves that permits
both the amplitude and phase of the object wave (i.e., the
ªtrueº image of the object) to be recovered.[69,70] By map-
ping the phase distribution of the electron wave, this tech-
nique can be useful to determine the 3D shape of the nano-
crystals[71] and the surface distribution of the passivated
thiolate layers on the nanocrystal surface, provided the sub-
strate effect can be eliminated. It is recommended that
HRTEM and electron holography are applied complimen-
tarily to determine the particle shape.

Electron holography can also be applied to map the mag-
netic moment of magnetic particles. For magnetic materi-
als, the phase of the electron wave is modulated by the
magnetic field of the specimen owing to the Aharonov±
Bohm effect.[72] Quantitative measurement of this phase
via electron holography permits precise determination of

the local magnetization. Thus, the magnetic field of the do-
mains can be accurately determined. This analysis is possi-
ble if a magnetic-field-free specimen environment is creat-
ed in TEM. This is possible with the use of a Lorentz lens.
It has been successfully demonstrated that this type of anal-
ysis is feasible for magnetic particles as small as 10 nm[73]

and larger ones as well.[74]

Energy-filtered electron imaging is performed with the
use of an electron energy loss spectroscopy system on a
TEM by selecting the electrons that have lost a specific
energy, corresponding to the characteristic ionization edge
of an element, such as the carbon K edge.[75] This type of
image, after proper subtraction of background using the
images acquired in the pre-edge regions, gives, for example,
a distribution map of the thickness projected carbon den-
sity. This type of analysis could provide new insight into the
distribution of thiolate molecules on the surface of nano-
crystals, possibly leading to a new understanding of inter-
particle molecular bonding and the bundling effect of the
chain molecules. This has been demonstrated recently in
studies of Ag NCSs.[81,82]

In this article we concentrated mainly on the image anal-
ysis of nanoparticles with simple structures. For nanoparti-
cles containing transition/rare-earth elements, the valence
states of the metal cations can be determined at a spatial
resolution better than 20 nm, using the white line intensi-
ties observed in the spectra of electron energy loss spec-
troscopy with reference to the spectra acquired from stan-
dard bulk specimens.[76±79] This technique has had dramatic
success in refining the structures of CoO nanocrystals[36]

and Fe2O3 and Mn2O3.[80]

In conclusion, it can be claimed that nanocrystal engi-
neered superlattices are a new type of materials, different
from either a single particle or the bulk materials. This is
an open field and many exciting phenomena remain to be
discovered. Materials of this type could have significant im-
pact on future electronics, optics, and magnetic storage de-
vices. It is anticipated that this review will serve as a basic
guide to structure analysis of NCSs using transmission elec-
tron microscopy and associated techniques.
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