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1. General Introduction and Comments

The interest in nanoscale materials stems from the
fact that new properties are acquired at this length
scale and, equally important, that these properties
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change with their size or shape. The change in the
properties at this length scale is not a result of scaling
factors. It results from different causes in different
materials. In semiconductors, it results from the
further confinement of the electronic motion to a
length scale that is comparable to or smaller than
the length scale characterizing the electronic motion
in bulk semiconducting material (called the electron
Bohr radius, which is usually a few nanometers).
As noble metals are reduced in size to tens of
nanometers, a new very strong absorption is observed
resulting from the collective oscillation of the elec-
trons in the conduction band from one surface of the
particle to the other. This oscillation has a frequency
that absorbs the visible light. This is called the
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surface plasmon absorption. This strong absorption,
giving rise to vivid characteristic color, has been
observed and used, but not understood, since the 17th
century. The gold particles, giving rise to a brilliant
rose color, have been used throughout Europe in
stained glass windows of cathedrals and by the
Chinese in coloring vases and other ornaments. In
transition metal nanoparticles, the decrease in the
particle size to the nanometer length scale increases
the surface-to-volume ratio. This, together with our
ability to make them in different sizes and shapes,
makes them potentially useful in the field of cataly-
sis.

The past couple of decades have witnessed an
exponential growth of activities in this field world-
wide, driven both by the excitement of understanding
new science and by the potential hope for applications
and economic impacts. The largest activity in this
field at this time has been in the synthesis of new
nanoparticles of different sizes and new shapes. The
unraveling of the physics of these particles and the
application of computation methods to understand
their behavior is being investigated. Self-assembly
of these nanoparticles by different techniques, either
from the bottom-up techniques (assembling particles
synthesized in solution) or from the top-down tech-
niques (different lithographic methods), is being
pursued. Although many future applications will
make use of the properties of the individual nano-
particles (sensors, medical diagnostics, homogeneous
catalysis, etc.), there are other important applications
that would require self-assembled nanoparticles
(nanoelectronics, optoelectronics, photonics, hetero-
geneous catalysis, etc).

Besides giving us new properties, creating novel
nanostructures requires new understanding of the
properties of their surfaces. In most of their potential
applications, the quality and the structure of the
surface of nanoparticles will undoubtedly play the
pivotal role in determining their functions. Being
small could make the surface of a nanoparticle
unstable due to the high surface energy and the large
surface curvature. Thus, the properties change as
these particles are used. Not only could the surface
structure and shape change, but the chemical nature
of their surface could be altered, too. In addition, for
device applications, these nanoparticles need to be
connected to our macroscopic world. The perturbation
at interconnects could have larger effects on the
properties of nanoparticles than quantum confine-
ment or other physical forces involved within the
nanoparticle space. Thus, it is clear that using these
nanoparticles fully and effectively will depend on our
understanding of their general properties and also
of their surface properties and stability.

It is hoped that before we move quickly into
producing large-scale “dream devices” in nanotech-
nology, the nanoscience is carried out. Not only
should we be able to make any nanostructure of any
shape and in any assembled form, we should also
know a great deal about the properties of the indi-
vidual nanoparticles as well as their assembled
structures.
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In this review, we discuss the synthesis and
properties of individual nanoparticles. We start with
a discussion of the different bottom-up methods of
the synthesis of the nanoparticles. Techniques using
electron, ion, or photon beams in lithography to make
nanostructures are not discussed. Due to the explo-
sion of publications in this field, we do not claim that
this dominantly wet-chemistry review includes all of
the published work, but rather an exposure of the
methods. We apologize to the authors of the excellent
work that due to the large activity in this area, we
have unintentionally left out.

In the property sections, we tried very hard to give
a reasonable account of the science and the important
fundamental work carried out in this area. The
details were given intentionally because the concepts
involved in this field are rather new to many chem-
ists who are not directly involved in it.

2. Preparation of Nanostructures of Different
Shapes

2.1. Introduction; Nucleation and Particle Growth

The chemical growth of bulk or nanometer-sized
materials inevitably involves the process of precipita-
tion of a solid phase from solution. A good under-
standing of the process and parameters controlling
the precipitation helps to improve the engineering
of the growth of nanoparticles to the desired size and
shape. For a particular solvent, there is a certain
solubility for a solute, whereby addition of any excess
solute will result in precipitation and formation of
nanocrystals. Thus, in the case of nanoparticle for-
mation, for nucleation to occur, the solution must be
supersaturated either by directly dissolving the
solute at higher temperature and then cooling to low
temperatures or by adding the necessary reactants
to produce a supersaturated solution during the
reaction.!? The precipitation process then basically
consists of a nucleation step followed by particle
growth stages.?*

Generally, there are three kinds of nucleation
processes: homogeneous nucleation, heterogeneous
nucleation, and secondary nucleation. Homogeneous
nucleation occurs in the absence of a solid interface
by combining solute molecules to produce nuclei.
Homogeneous nucleation happens due to the driving
force of the thermodynamics because the supersatu-
rated solution is not stable in energy. The overall free
energy change, AG, is the sum of the free energy due
to the formation of a new volume and the free energy
due to the new surface created. For spherical par-
ticles

AG = — %ankBT In(S) + 4y (1)

where V is the molecular volume of the precipitated
species, r is the radius of the nuclei, kg is the
Boltzmann constant, S is the saturation ratio, and y
is the surface free energy per unit surface area. When
S > 1, AG has a positive maximum at a critical size,
r* (see Figure 1). This maximum free energy is the
activation energy for nucleation. Nuclei larger than
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Figure 1. Illustration of the overall free energy AG as a
function of the growth particle size r.

the critical size will further decrease their free energy
for growth and form stable nuclei that grow to form
particles. The critical nuclei size r* can be obtained
by setting dAG/dr = 0.

# 2Vy

~ 3kyT In(S) @)

For a given value of S, all particles with r > r* will
grow and all particles with r < r* will dissolve. From
the above equation, it follows that the higher the
saturation ratio S, the smaller the critical nuclei size
r¥is.

After the nuclei are formed from the solution, they
grow via molecular addition, which relives the su-
persaturated step. When the concentration drops
below the critical level, nucleation stops and the
particles continue to grow by molecular addition until
the equilibrium concentration of the precipitated
species is reached. Uniformity of the size distribution
is achieved through a short nucleation period that
generates all of the particles obtained at the end of
the reaction followed by a self-sharpening growth
process. At this stage, the smaller particles grow
more rapidly than the larger ones because the free
energy driving force is larger for smaller particles
than for larger ones if the particles are slightly larger
than the critical size. At this stage, focusing in size
occurs.! Nearly monodisperse size distribution can be
obtained at this stage by either stopping the reaction
(nucleation and growth) quickly or by supplying
reactant source to keep a saturated condition during
the course of the reaction.

On the other hand, when the reactants are depleted
due to particle growth, Ostwald ripening or defocus-
ing will occur, where the larger particles continue to
grow, and the smaller ones get smaller and finally
dissolve. Because the saturation ratio (S) decreases
now and the corresponding critical nuclei size (*)
increases according to eq 2, any particles smaller
than this new critical size will dissolve. If the reaction
is quickly stopped at this stage, the particles will
have a broad size distribution, which is featured by
a distribution centering two size regimes, a bigger
one and a smaller one, and the critical size now at
this saturation is in between. Once the reaction
(mainly the growth of the particles) goes into this
stage, it is difficult to get monodisperse particles
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unless the reaction is extended to long enough times
to completely deplete the supersaturation and the
smaller nuclei. In the latter case, the size of the
particles gets relatively large and can extend into the
micrometer size regime. During an actual experi-
ment, when there is no continuous supply of the
reactants, the saturation ratio continues to decrease
and the critical nuclei size continues to increase. To
get a short burst of nucleation, a high saturation ratio
(S) is suitable.

In addition to the growth by molecular addition
where soluble species deposit on the solid surface,
particles can grow by aggregation with other par-
ticles, and this is called secondary growth. The rate
of particle growth by aggregation is much larger than
that by molecular addition. After the particles grow
to a stable size, they will grow by combining with
smaller unstable nuclei and not by collisions with
other stable particles.

Nanoparticles are small and are not thermody-
namically stable for crystal growth kinetically. To
finally produce stable nanoparticles, these nanopar-
ticles must be arrested during the reaction either by
adding surface protecting reagents, such as organic
ligands or inorganic capping materials,? or by placing
them in an inert environment such as an inorganic
matrix or polymers.* The nanocrystal (NC) disper-
sions are stable if the interaction between the cap-
ping groups and the solvent is favorable, providing
an energetic barrier to counteract the van der Waals
and magnetic (magnetic materials) attractions be-
tween nanoparticles. To help arrest these nanopar-
ticles, different solvents are also used to change the
solubility or the reaction rate.l-24

2.2. Preparation Methods

2.2.1. Sol Process

As discussed in the previous section, the production
of monodisperse colloids requires a temporally dis-
crete nucleation event followed by slower controlled
growth on the existing nuclei. A general scheme for
preparing monodisperse nanostructures requires a
single, temporally short nucleation event followed by
slower growth on the existing nuclei.® This may be
achieved by rapid addition of reagents into a reaction
vessel containing a hot, coordinating solvent. Rapid
addition of reagents to the reaction vessel raises the
precursor concentration above the nucleation thresh-
old. The temperature of the solution is sufficient to
decompose the reagents, resulting in a supersatura-
tion of particles in solution. Upon a short nucleation
burst, the concentration of these species in solution
drops below the critical concentration for nucleation.
As long as the consumption of the reactants by the
growth of the particles is not exceeded by the rate of
precursor addition to the solution, no new nuclei form
and the additional material can only add to the
existing nuclei. Because the growth of any one NC
is similar to that of all others, the initial size
distribution is largely determined by the time over
which the nuclei are formed and begin to grow. If the
time of NC growth during the nucleation period is
short compared to the subsequent growth processes,
the NCs can become more uniform over time as size
focusing takes place.>™7
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An alternative synthetic approach involves mixing
of the reagents in a vessel at a temperature low
enough to preclude any appreciable reaction.?4~7 A
controlled ramp of the solution temperature acceler-
ates the chemical reaction and produces the required
supersaturation, which is then relieved by a burst of
nucleation. As long as the temperature is adjusted
to keep the rate at which the reagents react less than
or equal to the rate at which the material is added
to the existing nuclei, the supersaturated state is
never revisited and no new nuclei form. In either
approach, the size distribution of the NC sample is
limited primarily by the short time interval in which
the initial crystallites form and begin to grow.

In general, NC size increases with increasing
reaction time as more material is added to NC
surfaces and also with increasing temperature as the
rate of addition of material to the existing nuclei
increases. 4”7

The systematic adjustment of the reaction param-
eters, such as reaction time, temperature, concentra-
tion, and the selection of reagents and surfactants,
can be used to control the size, shape, and quality of
NCs. Tailoring the ratio of the concentration of
reagents to that of surfactants provides another
control over NC size, because high stabilizer-to-
reagent concentrations favor the formation of a
smaller nuclei and a smaller NC size. During NC
growth, the surfactants in solution adsorb reversibly
to the surfaces of the NCs, providing a dynamic
organic shell (capping layer) that stabilizes the NCs
in solution and mediates their growth. Surfactants
that bind more tightly to the NC surface or larger
molecules providing greater steric hindrance (bulkier
surfactants) slow the rate of materials addition to the
NC, resulting in smaller average NC size. For ex-
ample, bulkier trioctylphosphines provide larger
steric hindrance than more compact tributylphos-
phines, resulting in a slower NC growth. An effective
strategy involves using a pair of surface agents in
which one binds tightly to the NC surface, hindering
growth, and the other binds less tightly, permitting
rapid growth. For example, adjustment of the ratio
of carboxylic acid (tightly bound) and alkylphosphine
(weakly bound) stabilizers allows the growth rate and
therefore the size and shape of the NCs to be
controlled.?4~7

When the NC sample reaches the desired size,
further growth is arrested by quickly cooling the
solution. The NCs are then isolated from their growth
solution. Introducing another solvent that is miscible
with the first solvent but has an unfavorable interac-
tion with the capping groups (hence, it can be called
a “nonsolvent”) reduces the barrier to aggregation
and destabilizes the NC dispersion, resulting in their
flocculation. Centrifuging the resulting turbid sus-
pension allows the solvent to be decanted and pow-
ders of the NCs to be isolated. These powders consist
of the desired NCs and their intimate organic capping
layer and can be redispersed in a variety of sol-
vents.24~7

Preparation of II-IV Semiconductor NCs. In
the synthesis of II-VI NCs, group II sources can be
metal alkyls, metal oxide, or organic salts. The group
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Figure 2. Transmission electron micrographs of wurtzite
CdSe nanoparticles, quantum dots (left) and nanorods
(right). Reprinted with permission from ref 7 (left) and ref
13 (right). Copyright 2001 and 2001 American Chemical
Society.

VI sources are often organophosphine chalcogenides
(RsPE) or bistrimethylsilylchalcogenides TMSoE (TMS,
trimethylsilyl) (where E = S, Se, and Te). In the
precipitation method, the sodium salt of X (e.g., NayS)
or the acid itself (e.g., HoS) is used. High-boiling
coordinating solvents include R3P, RsPO, alkyl phos-
phites, alkyl phosphates, pyridines, alkylamines, and
furans. CdO, CdCOs;, Cd(Ac)s, MesCd, etc., can be
used as Cd sources. By tuning the reaction param-
eters, different sizes and shapes of CdSe,5 15 CdS, %1718
CdTe,516.18-21 7nSe,22 Zn0,23 etc., have been success-
fully prepared.

Figure 2 shows a TEM image of spherical CdSe
nanoparticles (left) and CdSe nanorods (right) syn-
thesized using the sol method.”'? In a typical syn-
thesis using a stearic acid (SA)/trioctylphosphine
oxide (TOPO)/CdO system, CdO is mixed with stearic
acid and heated to ~130 °C under argon flow until
all of the mixture becomes optically clear. The system
is allowed to cool to room temperature, and 2 g of
99% TOPO is added to the flask. The flask is resealed
and reheated to 360 °C under argon flow. A selenium
solution with selenium powder and toluene dissolved
in trioctylphosphine is then quickly injected into the
reaction flask. The temperature of the reaction
mixture decreases to 300 °C upon injection and is
maintained at this temperature during the growth
of the nanocrystals. After the reaction is completed,
the reaction flask is removed from the heating mantle
and allowed to cool to 20—50 °C. Acetone is then
added to precipitate nanocrystals. The nanocrystals
are further isolated by centrifugation and decanta-
tion. In a similar procedure, CdSe nanorods can be
synthesized by the substitution of SA with tetrade-
cylphosphonic acid (TDPA) and with multiple injec-
tions of Se precursors.!?

Preparation of Monodisperse III-V Semicon-
ductor NCs. Similarly, high-quality InP and InAs
NCs have been synthesized by rapid mixing and
heating of group IIT and V precursors in high-boiling,
coordinating solvents. Figure 3 shows a typical TEM
image of InP nanoparticles.?? Typically, InCl; is
employed as an In source with TMSsP or TMS3As in
RsP/RsPO solvents?2~24 to form InP1624 and InAs.! For
example, in a typical synthesis of InP nanocrystals,?*
In(Ac)s is mixed with ligands and octadecene (ODE)
in a three-neck flask and heated to 100—120 °C to
obtain an optically clear solution and is pumped for
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Figure 3. TEM image of InP nanocrystals. Reprinted with
permission from ref 22. Copyright 1998 American Chemical
Society.

Flgure 4 TEM m1crographs of PbSe (a)at hlgh resolution
(9 nm bar), revealing lattice imaging of the NCs, and (b)
at low resolution (70 nm bar), showing an assembly of NCs.
Reprinted with permission from ref 27. Copyright 2001
IBM.

2 h. Fatty acids with different chain lengths, amines,
phosphines, phosphine oxides, and phosphonic acids
were also tested as solvents in ODE. The system is
purged with Ar and then further heated to 300 °C
under Ar flow. P(TMS); dissolved in ODE is then
injected into the hot reaction flask. After the injec-
tion, the temperature is dropped to 270 °C for the
growth of the InP nanocrystals. The resulting InP
nanocrystals can be then dissolved in nonpolar
solvents. Acetone and methanol can be used to
precipitate the nanocrystals to remove excess re-
agents and side products.

Preparation of Monodisperse IV-VI Semicon-
ductor NCs. PbSe?>~2" nanoparticles have been
synthesized by different groups. Their optical transi-
tions are in the infrared range, and they have
different potential applications.

Figure 4a shows a high-resolution TEM image of
8 nm PbSe NCs. The internal crystal lattice is clearly
resolved in several NCs. Lower magnification imag-
ing, as shown in Figure 4b, conveys the consistent
size and shape of the PbSe NCs within a sample.?’
The PbSe nanoparticles are synthesized by rapidly
injecting lead oleate and trioctylphosphine selenide
(TOPSe) dissolved in trioctylphosphine into diphenyl
ether solvent at 150 °C. The reaction temperature is
adjusted in the range of 90—220 °C to obtain different
sizes of PbSe nanoparticles.?”

Preparation of Monodisperse Metal NCs. Co-
balt serves as a model system for magnetic scaling
in materials. Its low to moderate crystal anisotropy
allows the effects of size, shape, internal crystal
structure, and surface anisotropy to be studied in a
single system. Furthermore, synthetic methods allow
Co NCs to be produced in several distinct crystal
polymorphs with various crystal structures.?’ 34 The
cobalt carbonylmetal organic precursor is decomposed
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Flgure 5. (a) ngh resolutlon TEM image of 7 nm hcp Co
NCs revealing subtle lattice imaging of the NCs. (b) Low-
resolution TEM images of an ensemble of 10 nm hcp Co
NCs. Reprinted with permission from ref 27. Copyright
2001 IBM.

Figure 6. (a) TEM mlcrograph of a 3D assembly of 6 nm
Fes0Ptso sample after replacement of oleic acid/oleylamine
with hexanoic acid/hexylamine. (b) High-resolution TEM
image of 4 nm FejsPtyg nanocrystals annealed at 560 °C
for 30 min on a SiO-coated copper grid. Reprinted with
permission from Science (http://www.aaas.org), ref 35.
Copyright 2000 American Association for Advancement of
Science.

to form Co nanoparticles.?’3° Puntes et al. have also
achieved various particle shapes by varying the
reaction conditions.?'"3* Figure 5 shows a typical
TEM image of cobalt nanoparticles.?’

Monodisperse Bimetallic NCs. Progress has
also been made in the preparation of monodisperse
bimetallic NCs, such as FePt3?737 and CoPt?*?° nano-
particles.

Figure 6 shows TEM images for FePt nanopar-
ticles.?®® The 4 nm FessPtss nanoparticles were made
by the combination of reduction of Pt(acac); and
decomposition of Fe(CO)s in octyl ether solvent. One
typical synthetic procedure is as follows. Under air-
free conditions, platinum acetylacetonate, 1,2-hexa-
decanediol, and dioctyl ether are mixed and heated
to 100°C. Oleic acid, oleylamine, and Fe(CO)s are
added, and the mixture is heated to reflux temper-
ature (297 °C). Refluxing is continued for 30 min. The
heat source is then removed, and the reaction mix-
ture is allowed to cool to room temperature.3®

NC Core/Shell Structures. Methods for overcoat-
ing a semiconductor NC with a second semiconductor
material are well developed, and different kinds of
core/shell structures have been successfully con-
structed, including CdSe/ZnS 4043 CdSe/ZnSe,** and
CdSe/CdS,* 4 FePt/Fe304,°° CdTe/CdSe,’! CdSe/
ZnTe,?! and InP/ZnS 52 core/shell nanoparticles, etc.
There are some requirements to prepare core/shell
systems by epitaxy growth: (a) The existing NC seeds
must withstand the conditions under which the
second phase is deposited, (b) the surface energies
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Figure 7. Reverse micelle and normal micelle structures.

of the two phases must be sufficiently similar so that
the barrier for heterogeneous nucleation of the second
phase is lower than that for homogeneous nucleation,
and (c) the seed NC and the overcoat material must
not readily interdiffuse under the deposition condi-
tions. Typically, seed NCs are prepared and isolated
by one of the standard procedures outlined above,
size-selected, and then redispersed in a fresh solution
of solvent and stabilizers. The solution is then heated
while precursors for the inorganic shell are gradually
added to allow the material to heterogeneously
nucleate on the seed NCs. If the rate of precursor
addition does not exceed the rate of deposition on the
seeds, the precursor concentration never reaches the
threshold for homogeneous nucleation of a second
inorganic phase.?”

Metal oxide nanoparticles can also be produced
using this method. For example, Fes04,% TiO,5*
MnO,%® and BaTiO3°® nanoparticles have been suc-
cessfully synthesized.

2.2.2. Micelles

When the surfactant concentration exceeds the
critical micelle concentration (cmc) in water, micelles
are formed as aggregates of surfactant molecules.5”
In normal micelles, the hydrophobic hydrocarbon
chains of the surfactants are oriented toward the
interior of the micelle, and the hydrophilic groups of
the surfactants are in contact with the surrounding
aqueous medium. Above the cmc, the physical state
of the surfactant molecules changes dramatically,
and additional surfactant exists as aggregates or
micelles. The bulk properties of the surfactant change
around the cmc, such as osmotic pressure, turbidity,
solubilization, surface tension, conductivity, and self-
diffusion.

On the other hand, reverse micelles are formed in
nonaqueous medium where the hydrophilic head-
groups are directed toward the core of the micelles
and the hydrophobic groups are directed outward. In
the case of reverse micelles, there is no obvious cmc
because the number of aggregates is usually small
and they are not sensitive to the surfactant concen-
tration.?®

In both cases, the micelles exist only as a small
amount of solubilized hydrophobic or hydrophilic
material as illustrated in Figure 7. If the concentra-
tion of surfactant is increased further, the solubili-
zation process can be enhanced. The droplet size can
increased to a dimension that is much larger than
the monolayer thickness of the surfactant because the

Chemical Reviews, 2005, Vol. 105, No. 4 1031

inside pool of water or oil is enlarged. As the
surfactant concentration increases further, micelles
can be deformed and can change into different shapes
as illustrated in Figure 8,%° which makes it possible
to synthesize different nanoparticle shapes.

The structures of micelles can be determined by
the geometric factors of the surfactant at the inter-
face, such as headgroup area oy, alkyl chain volume
V, and the maximum length . to which the alkyl
chain can extend. The packing considerations govern
the geometry of aggregation, which obeys the follow-
ing rules:

(a) spherical micelles: V/oyl, < '/,
(b) nonspherical micelles: '/; < V/ol,< '/,
(c) vesicles or bilayers: '/, < V/ol, < 1

(d) inverted micelles: 1 < V/a,l.

Reverse Micelles. Reverse micelles can be formed
by ionic surfactants with double-long alkyl chains
alone, such as diethyl sulfosuccinate (DES) or a
mixture of ionic and nonionic surfactants with a short
oxyethylene chain dissolved in organic solvents.
Reverse micelles are usually thermodynamically
stable mixtures of four components: surfactant,
cosurfactant, organic solvent, and water. The sur-
factants used include AOT, sodium dodecyl sulfate
(SDS), cetyltrimethylammonium bromide (CTAB),
and Triton-X. Some cosurfactants used are aliphatic
alcohols with a chain length of Cs—Cs. Organic
solvents used for reversed micelle formation are
usually alkanes or cycloalkanes with six to eight
carbons. Reversed micelles can solubilize relatively
large amounts of water, which makes them suitable
for the synthesis of nanoparticles, because the water
pool is in the nanometer range and can be controlled.

The general method of using reverse micelles to
synthesize nanoparticles can be divided into two
cases. The first case involves the mixing of two
reverse micelles. Due to the coalescence of the reverse
micelles, exchange of the materials in the water
droplets occurs, which causes a reaction between the
cores, and nanoparticles are formed in the reversed
micelles. The second case involves mixing one reac-
tant that is solubilized in the reversed micelles with
another reactant that is dissolved in water. The
reaction can take place by coalescence or aqueous
phase exchange between the two reverse micelles.

Metal nanoparticles can be prepared by reducing
metal salts in the reversed micelles. Strong reduction
agents such as NaBH,, NoH,4, and sometimes hydro-
gen gas were used. Pt, Rh, Pd, Ir,6061 Ag 62 Ay 62765
Cu,%6-7 Co,"17" Ni, FeNi,”* CusAu,” CoNi,’ etc.,
have been synthesized using this method.

For example, Cu nanoparticles are produced using
reverse micelles, where copper diethyl sulfosuccinate,
Cu(AOT),, water, and isooctane were used.”” Reverse
micelles are formed in two regions for the phase
diagram: 0 < w < 5 and 30 < w < 40, where w is
the ratio [HoOl/[AOT]. Syntheses in these two regions
for the phase diagram induce formation of Cu nano-
particles with average particle sizes larger (12 nm)
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Surfactane

Figure 8. Schematic phase diagram of surfactant—oil—water systems showing a variety of self-assembled structures.
Reprinted with permission from ref 59. Copyright 1996 Elsevier.
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Figure 9. TEM images obtained after synthesis at [Cu(AOT)s] =5 x 10 2 M, w = 4, 20, 34, 40, respectively. Reprinted
with permission from ref 77. Copyright 1997 American Chemical Society.

than those at higher water content (7.5 nm) as shown
in Figure 9. This was explained by the fact that the
redox potential changes with the water structure
inside the water pool. At low water content, the
number of nuclei formed is rather small and large
nanocrystals are produced.” With the increase of the
water content, the number of nuclei increases, induc-
ing formation of smaller nanocrystals. By replacing
Cu(AOT), with Co(AOT); and Cd(AOT),, Co and Cd
nanoparticles can be produced.”™

Metal oxide nanoparticles can be prepared inside
reverse micelles by the hydrolysis procedure where
metal alkoxide dissolved in oil reacts with water
inside the droplets. ZrOs, Ti0,80782 Si0,,%3788 and
y-Fes037 nanoparticles have been prepared in this
fashion. Metal sulfate, metal carbonates, metal ox-

ides, and silver halides can also be produced by the
precipitation reaction between reactants in reverse
micelles. Silver halide, 392 AgS,* BaCOs, CaCOs,
SrC0;,%49 and BaS0,4% nanoparticles have also been
prepared using this method.

Water content in the micelles greatly affects the
shape of the nanoparticles. Nanowires such as Ba-
COs% and BaSO,%” have been synthesized using
reverse micelles and with different water contents.
Figure 10 shows the BaSO,4 nanoparticles and BaCOs
nanowires that are prepared at different water
contents.

The droplet size controls the size of the particles
and can be tuned by changing w. The major change
in the particle size is obtained at low water content.
When the water content increases, the droplet size
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Figure 10. TEM micrographs and electron diffraction pattern of BaCO3 nanowires synthesized in C15E4 reverse micelles.
Reprinted with permission from ref 96. Copyright 1997 American Chemical Society.

- ;i' = i S N

Figure 11. TEM image of branched gold nanocrystals and HRTEM image of an individual gold nanocrystal. Reprinted
with permission from ref 105. Copyright 2004 American Chemical Society.

increases, and thus the particle size increases until
around w = 20, the point when the particle size
reaches a plateau. For II-VI semiconductors, such
as CdS, ZnS, Cd;-,Mn,S, Cd;—,Zn,S, and CdTe, it is
possible to control the particle diameter from 1.8 to
4 nm.? Conversely, for AgsS and Cu, it can be varied
from 2 to 10 nm 99100

Amorphous nanomaterials are formed when the
two reactants are present as salts. Nanocrystals are
formed when one of the reactants is a functionalized
surfactant (the reactant is the counterion of the
surfactant). In the latter case, it is possible to make
well-defined nanocrystallite alloys such as Cd;-,Zn,S™!
and Cd;-,Mn,S.102

Normal Micelles. Normal micelles are oil droplets
in water. The length of the surfactant alkyl chain
controls the size of the droplets. Most of the nano-
materials produced are made with functionalized
surfactants. This induces a marked increase in the
local amount of reactants, and a supersaturation
regime is formed. In contrast with reverse micelles,
there is no confinement of reactants. Normal micelles
act as a polymer that controls the nanoparticle size.
CdS and Cu nanoparticles are successfully pro-
duced!9%:194 by using micelles.

By tuning the reaction parameters, different nano-
particle shapes can be produced. Figure 11 shows
TEM images of branched gold nanocrystals.19

Other interesting metal nanocrystal shapes have
also been synthesized. For example, silver nano-
disks'% and high aspect ratio (up to 18) gold nano-
rods!%” have been synthesized (Figure 12).

Figure 12. TEM of (a) silver nanodisk!% and (b) gold
nanorods all aspect ratio (length/width) = 18. Reprinted
with permission from ref 107. Copyright 2001 American
Chemical Society.

Light has been found to play an important role in
shaping nanoparticles.'%® Lasers have been used to
melt and reshape the nanocrystals formed in solu-
tion.197113 For example, Au nanorods can be trans-
formed into spherical nanoparticles by using laser
pulses as shown in Figure 13.109-111

Light plays a role by inducing the coalescence of
these nanoparticles into solid particles and their
subsequent growth. Spherical silver nanoparticles
were converted into silver nanodisks as can be seen
in Figure 14.12 It is possible to control the photo-
chemical growth of metal NCs by choosing the color
of the light used to drive the reaction.!'? The size and
shape of the resulting NCs can be controlled by
selectively exciting the plasmon resonance of a given
class of particles.!13
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Figure 13. (a) TEM images showing the shape of gold
nanorods before laser heating. (b) TEM image of the
corresponding solution after exposure to 40 uJ femtosecond
pulses (800 nm, 100 fs). (c) TEM image of the evaporated
solution after exposure to 20 mJ nanosecond laser pulses
(800 nm, 7 ns). Reprinted with permission from ref 109.
Copyright 1999 American Chemical Society.

Figure 14. Silver nanoparticles and silver nanotriangles
after illumination by a fluorescent lamp. Reprinted with
permission from ref 112. Copyright 2003 American Chemi-
cal Society.

2.2.3. Sol-Gel Process

The sol—gel method is based on inorganic polym-
erization reactions. The sol—gel process includes four
steps: hydrolysis, polycondensation, drying, and
thermal decomposition. Precursors of the metal or
nonmetal alkoxides hydrolyze with water or alcohols
according to the hydrolysis process

M(OR), + mH,0 — M(OR),_, (OH),, + mROH
(3)

where if m is up to x, the reaction is total hydrolysis,
followed by either a water condensation

2M(OR),_,(OH),, —
(OH),, ,(OR), , ~M—O—M(OR), ,(OH), ,+
H,0 (4)

Burda et al.

or an alcohol condensation

2M(OR),_,,(OH),, —
(OH),, ,(OR), ,~M—O—M(OR), , ; + ROH (5)

The total reaction can be expressed as
M(OR), + */,H,0 — MO, ,, + xHOR (6)

In addition to water and alcohol, an acid or a base
can also help to hydrolyze the precursor. In the case
of an acid, a reaction takes place between alkoxide
and the acid.

—M-OR + AOH — -M-0O-A+ROH (7)

After the solution has been condensed to a gel, the
solvent must be removed. Higher temperature cal-
cination is needed to decompose the organic precur-
sor.

The size of the sol particles depends on the solution
composition, pH, and temperature. By controlling
these factors, one can tune the size of the particles.
This method has been used to synthesize metal oxide
nanostructures, such as TiO,,114711° UO,,120 TnO,,120
7r0s,121 Ce0,,122123 Sn 0y, 124 Si05,125 Cu0,126 SN0y, 127
Zn0,128 Aly03,129130 Scy03,131 ZnTiOs,132 SrTi0s,133
BaZr0s;,13* CaSnO3,%%and other nanostructures.

2.2.4. Chemical Precipitation

The kinetics of nucleation and particle growth in
homogeneous solutions can be adjusted by the con-
trolled release of the anions and cations. Careful
control of the kinetics of the precipitation can result
in monodisperse nanoparticles. Once the solution
reaches a critical supersaturation of the species
forming particles, only one burst of nuclei occurs.
Thus, it is essential to control the factors that
determine the precipitation process, such as the pH
and the concentration of the reactants and ions.
Organic molecules are used to control the release of
the reagents and ions in the solution during the
precipitation process. The particle size is influenced
by the reactant concentration, pH, and temperature.
By engineering these factors, nanoparticles with
narrow size distributions, such as Zr(OH),,'%¢ Ba-
Ti0;,137.138 YBaCu3Oy,!3? CdS,40 HgTe,'4! HgTe,42
and CdTe,'3 have been produced.

Although the method of using precipitation to
prepare nanoparticles is very straightforward and
simple, very complicated nanostructures can also be
constructed using this method such as CdS/HgS/
CdS, 4153 CdS/(HgS)o/CdS,%* and HgTe/CdS quan-
tum well systems and other core/shell structures.15>156

CdS Core. The syntheses of the colloidal solutions
were carried out by reacting the cadmium and the
sulfide salts in aqueous solution under argon at room
temperature.'** Then the pH was brought to 7.0 using
0.1 M NaOH.

CdS/HgS/CdS Composites. The mercury salt is
added to the above CdS colloid solution, and this is
followed by readjustment of the pH to 7.0. This
procedure results in the substitution of the surface
Cd?" ions by Hg?* ions, forming a monolayer of HgS
on CdS. The precipitation of Cd*" ions by adding
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Figure 16. HRTEM study of the structural evolution of the CdS/HgS/CdS nanostructure. The micrograph of a CdS core
cluster (a2) exhibits tetrahedral morphology, which is in agreement with the TEM simulation (a3). The corresponding
molecular model (al) shows that all surfaces are cadmium terminated (111). (b) is a model of the CdS particle after surface
modification with Hg. A typical micrograph of a tetrahedral CdS/HgS/CdS nanocrystal is shown in (c2) along with a
corresponding model (c1). Model (d1) and micrograph (d2) represent a CdS/HgS/CdS nanocrystal after twinned epitaxial
growth. The arrow marks the interfacial layer exhibiting increased contrast due to the presence of HgS, in agreement
with the simulation (d3). No contrast change is seen in a simulation of a model with all Hg replaced by Cd (d4). Reprinted

with permission from ref 145 (Figure 1). Copyright 1996 American Physical Society.

NayS or H,S leads to colloidal particles consisting of
a CdS core surrounded by a monolayer of HgS and
almost one monolayer of CdS as the outermost
shell.’** Figure 15 shows the illustration to prepare
HgS shell CdS/HgS/CdS quantum wells of different
thicknesses. Figure 16 shows HRTEM images of the
quantum wells and also a simulation of the CdS/HgS/
CdS quantum wells.14

The thickening of the HgS layer was simply
achieved by repeating the substitution and repre-
cipitation steps described above [80 mL of 10~3 M Hg-

(C104)s is added to the colloidal solution prepared
so far followed by sulfidization with 200 mL of 5 x
10~* M H,S/water solution]. This procedure can be
repeated up to three times.

An increase in the CdS layer thickness was per-
formed independent of the thickness of the formerly
prepared HgS layer in the following manner [2 mL
of 0.1 M Cd(C10y); at pH 7.0 is added to 1 L of a
given solution]. During the dropwise addition of 200
mL of 1.2 x 1073 M H,S/water solution, the pH
decreases to 4.0 within 30 min. The solutions were
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Figure 17. TEM micrograph of nanocrystalline CrN
synthesized with hydrothermal method. Reprinted with
permission from ref 165. Copyright 1999 Elsevier.

then purged with Ar at pH 7.0 for 15 min, and the
solvent was rotovaped until the starting volume was
reached again. This procedure can be repeated up to
five times.!4

2.2.5. Hydrothermal Synthesis

Hydrothermal synthesis is a common method to
synthesize zeolite/molecular sieve crystals. This
method exploits the solubility of almost all inorganic
substances in water at elevated temperatures and
pressures and subsequent crystallization of the dis-
solved material from the fluid. Water at elevated
temperatures plays an essential role in the precursor
material transformation because the vapor pressure
is much higher and the structure of water at elevated
temperatures is different from that at room temper-
ature. The properties of the reactants, including their
solubility and reactivity, also change at high tem-
peratures. The changes mentioned above provide
more parameters to produce different high-quality
nanoparticles and nanotubes, which are not possible
at low temperatures. During the synthesis of nano-
crystals, parameters such as water pressure, tem-
perature, reaction time, and the respective precur-
sor—product system can be tuned to maintain a high
simultaneous nucleation rate and good size distribu-
tion. Different types of nanoparticles such as TiOg,'?”
LaCI‘03,158’159 ZI‘02,160 BaTi03,161 SI‘Ti03,162 YzSizO7,163
ShgS3,164 CrN, %5 5-SnS,,166 PbS,167 NiyP,68 and SnS,
nanotubes, %’ Bi;S; nanorods,!”® and SiC nanowires!™
have been successfully synthesized in this way. The
solvent is not limited to water but also includes other
polar or nonpolar solvents, such as benzene,'% and
the process is more appropriately called solvothermal
synthesis in different solvents.

CrN nanoparticles have also been prepared accord-
ing to this method, and in this case, toluene was
chosen as the solvent.!% Figure 17 shows a typical
TEM image of CrN nanoparticles.'%®> An appropriate
amount of anhydrous CrCl; and LisN was put into a
50 mL silver-lined stainless steel autoclave with 40
mL of benzene and reacted at 350—420 °C for 6 h.
The reaction proceeded as follows:

CrCl, + Li;N — CrN + 3LiCl (8)

Burda et al.

Figure 18. SnS. nanotubes sample synthesized with
hydrothermal method. Reprinted with permission from ref
169 (Figure 3c). Copyright 2003 Springer.

Figure 18 shows SnSe nanotubes that were pre-
pared at 140 °C in an autoclave where anhydrous
alcohol was used as solvent, SnCl, and thiourea were
chosen as reactants, and anodic aluminum oxide was
used to guide the growth of nanotube shape during
the reaction.!6?

Figure 19 shows SiC nanowires prepared in an
autoclave using this method, where appropriate
amounts of CCly, Si powder, and Na were put into a
titanium alloy autoclave and reacted at 700 °C for
10—48 h.'"! The reaction can be expressed as follows:

Si+ CCl, + 4Na — SiC + 4NaCl ~ (9)

The nanocrystals prepared according to this method
usually have high crystallinity and poor size distri-
bution. Fine control of the size and shape of the
targeted nanoparticles using this process therefore
needs further investigation.

The solvothermal synthesis also includes the use
of supercritical fluids as solvents, and different types

of nanostructures have been obtained, including
Ag 1727174 (118175178 Nj 7 (o 17 Pt, 179 Gee,180.181

Au,82 PdS, 185 ZnS,'84 and ‘CdS1st-188 nanopart1cles
Ge,187:188 GaAs,'® and GaP %9 nanowire, and carbon
nanotube. 1

In addition, a new approach, named solventless
synthesis, has recently been developed,'®1719 and
various shapes of nanostructures have been synthe-
sized, including CusS nanoparticles,!®-1°2 nano-
rods,1192 nanodisks, 95192 nanoplates, 192 NiS na-
norods, and triangular nanoprisms.!'%® Figure 20
shows the NiS nanorods and triangular nanoprisms
prepared with this method.1%

2.2.6. Pyrolysis

Pyrolysis is a chemical process in which chemical
precursors decompose under suitable thermal treat-
ment into one solid compound and unwanted waste
evaporates away. Upon completion, the desired new
substance is obtained. Generally, the pyrolytic syn-
thesis of compounds leads to powders with a wide
size distribution in the micrometer regime. To get a
uniform nanosized material, some modifications or
revisions of the pyrolytic preparation procedure and
reaction conditions are needed such as slowing of the
reaction rate or decomposition of the precursor in the
inert solvent. MCOs, MC50,, M(C205), M(CO),, MNOs,
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Figure 19. (a) TEM image of SiC nanowires. (b) TEM images of a straight single SiC nanowire and its ED pattern. (c)
HRTEM image of the nanowire SiC shown in (b). Reprinted with permission from ref 171. Copyright 2000 American

Chemical Society.

Figure 20. TEM image of the NiS nanorods (A) and triangular nanoprisms (B) prepared according to the solventless
method. Reprinted with permission from ref 193. Copyright 2004 American Chemical Society.

(a

20 nm

Figure 21. (a) Typical TEM image of nanotubes grown at 1000 °C by pyrolyzing a mixture of A-type PCS and iron
nanoparticles. (b) Enlarged TEM image showing V-shape CNTs and adhered films. Reprinted with permission from ref

203. Copyright 2004 Elsevier.

glycolate, citrate, and alkoxides are the common
precursors that are used. Poly(vinyl alcohol) (PVA)
and poly(ethylene glycol) (PEG) are commonly used
as protecting agents. Pyrolysis can be used to prepare
different kinds of nanoparticles including metals,
metal oxides, semiconductors, and composite materi-
als such as Ag,'9 Au,' Zr0,,'% Aly;03, SnO.,97
Ti0.,1%8 GaN, ZnS,?% YBayCu307-,,2°! Ni,2°2 and
carbon nanotubes.203-213

Figure 21 shows TEM images for the nanotubes
prepared by pyrolysis of organic precursors.??3 In a
typical experiment, both low molecular mass (990
g/mol, L-type) and medium molecular mass (1290
g/mol, A-type) polycarbosilane (PCS) with a struc-

tural formula of —(HSiCH3;—CHas),,— were used as the
source materials and 17 nm iron nanopowder was
used as the catalyst. The mixtures of about 0.2 g of
PCS powder and 0.08 wt % iron nanopowder in
toluene were spun-coated onto silicon wafers in air
and subsequently pyrolyzed in a vacuum furnace
between 700 and 1100 °C. The pressure was kept
lower than 1.33 x 1073 Pa during the high-temper-
ature pyrolysis and cooling step.

Figure 22 shows Fe—C nanocomposites that have
also been prepared by pyrolysis.2** The carbon-
embedded iron nanocores were synthesized in a flow
reactor. A focused continuous-wave (CW) CO; laser
radiation crossed the gas flows emerging through
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Figure 22. TEM images of FeC nanocomposite by pyrolysis [204]. Reprinted with permission from ref 204. Copyright

2004 Elsevier.
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three concentric nozzles at right angles. Fe(CO)s
vapors entrained by CoH4 were admitted through the
central inner tube, while a hydrocarbon mixture
including CoH, and CoH,4 entered in the reaction cell
through an intermediate, middle tube. The reactive
flow gas was confined to the flow axis by a coaxial
Ar stream. During the experiment, the reactor was
maintained at a constant pressure (700 mbar). Nucle-
ated particles that are formed during the reaction are
entrained by the flow to the cell exit into a trap,
which is closed with a microporous filter in the
direction of the rotary pump.

The pyrolysis of organic precursors seems to pro-
vide a direct and effective method of producing
nanotubes of various kinds such as the one-step
synthesis of aligned carbon nanotubes and Y-junction
nanotubes. Carbon nanotubes produced from orga-
nometallic precursors can be used to further prepare
gallium nitride nanowires, silicon nitride nanotubes,
and boron nitride nanotubes.?13-215

2.2.7. Vapor Deposition

2.2.7.1. Chemical Vapor Deposition (CVD). In
CVD, the vaporized precursors are introduced into a
CVD reactor and adsorb onto a substance held at an
elevated temperature. These adsorbed molecules will
either thermally decompose or react with other gases/
vapors to form crystals. The CVD process consists of
three steps: (a) mass transport of reactants to the
growth surface through a boundary layer by diffu-
sion, (b) chemical reactions on the growth surface,

. ‘ ; . ’ €4 q ¢ R » )

Figure 23. (a) Islands formed at growth temperature T; = 600 °C and substrate miscut angle 6, = 0.05. Scans are 1 um
by 1 um. AllnAs islands were grown on AlGaAs surface. Average diameter d = 21 nm. (b) Island density obtained for AsHj
partial pressure of 1 x 1076, d =36 nm. (c) Partial InGaAs/GaAs island alignment at multiatomic step edges, obtained for
high values of miscut angles 6, = 1.25, Ty = 550 °C, d = 33 nm. Reprinted with permission from ref 221. Copyright
American Institute of Physics.

and (c) removal of the gas-phase reaction byproducts
from the growth surface. Nucleation in the gas phase
is homogeneous, whereas nucleation on the substrate
is heterogeneous. Catalysts, usually transition metal
particles such as Fe, Ni, and Co, are also used in the
CVD process. Strained-induced Stranski—Krastanow
growth is used to produce nanoparticles in the CVD
process.216-220

Figure 23 shows the InGaAs nanoparticle struc-
tures grown on AlGaAs substrate by CVD.??! For the
growth of InGaAs islands, (CH3)3Ga, (CH3)sIn, and
AsHj; were used as precursors. The Hy carrier flow
rate was 17.5 L/min. After growth of GaAs buffer
layers at 650 °C, the temperature was lowered within
the range of 490—630 °C and nanometer-sized In-
GaAs islands were grown by depositing five mono-
layers (ML) of Ing¢Gag4As. Growth rates used for
both compositions were nominally 0.5 ML/s. Sub-
strates were (100) semi-insulating GaAs with miscut
angles (60,) ranging from 2 to (110) to very close to
the exact (100). Alg4InggAs/Alg31GagesAs quantum
dots were grown in a similar fashion, using (CHjs)3Al
and (CHj3)sln as precursors and growth temperatures
ranging from 550 to 675 °C. Different sizes and
shapes of nanoparticles can be produced by tuning
the reaction parameters (see Figure 23).

Figure 24 shows the highly oriented carbon nano-
tubes grown by plasma-enhanced hot filament chemi-
cal vapor deposition.???2 These carbon nanotubes were
grown in a pressure of 1—20 Torr maintained by
flowing acetylene and ammonia gases with a total
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Figure 24. SEM micrograph of carbon nanotubes grown on polycrystalhne Ni substrate Most of the tube diameters are
250 nm in (a) and from 60 to 500 nm in (b). From a comparison of (a) to (b), the diameter uniformity is substantially
narrowed and the average diameter size is reduced, by tuning the reaction parameters. Reprinted with permission from

ref 222. Copyright 1998 American Institute of Physics

Flgure 25 (A) Carbon nanotubes used as starting mate-
rial and (B) GaN nanorods produced by CVD. Reprinted
with permission from Science (http://www.aaas.org), ref
223. Copyright 1997 American Association for Advance-
ment of Science.

flow rate of 120—200 standard cm?min. The acetylene-
to-ammonia volume ratio varied from 1:2 to 1:10.
Growth durations varied from 10 min to 5 h depend-
ing on the desired carbon nanotube lengths. Chang-
ing the parameters produces different size and length
distributions of carbon nanotubes as shown in Figure
24,

GaN nanotubes were also successfully produced by
CVD.22% The reaction can be expressed as

2Ga,0O(g) + C(nanotubes) + 4NH; —
4GaN(nanorods) + H,O + CO + 5H,, (10)

This reaction was carried out in a conventional
furnace with a horizontal quartz tube, where a 4:1
molar mixture of Ga and GayO3 was placed in an
alumina crucible and covered with a porous alumina
plate with 3—5 mm diameter channels. The carbon
nanotubes were placed on the porous alumina plate.
The crucible was placed in the hot zone inside the
quartz tube and was held in a flowing ammonia
atmosphere (400 standard cm3/min) at 1173 K for 1
h. The GasO gas generated from the Ga—Gaq0O3
powder mixture flies up toward the region of carbon
nanotubes through the porous plate and reacts with
the nanotubes and the NHj3 gas and produces GaN
nanotubes. Figure 25 shows the TEM images of the
starting carbon nanotube materials and the resulting
GaN nanotubes.

Various nanoparticles, including InGaAs,??!
Fe203,224 T102,2?5 SiC,?26-227 TiN, 228 SiC,N,,229230 and

Figure 26. Perpendicular gTowth of nanorods on the ¢
plane of ZnO nanorods. Dispersively oriented nanorods
with inter-rod distances of 400 (a) and 100 nm (b),
respectively. Reprinted with permission from ref 250.
Copyright 2003 American Chemical Society.

carbon nanotubes,??2:231-284246 GaN nanorod,??® and
GaAs,235236 [nAs 237238 7nSe 239 GaSe,240 B-SiC,241.242
SiN,243 Si,244 and p-type GaN nanowires?*> have been
successfully produced using the CVD synthesis
method.

2.2.7.2. Physical Vapor Deposition (PVD). PVD
involves condensation from the vapor phase. The
PVD process is composed of three main steps: (a)
generating a vapor phase by evaporation or sublima-
tion of the material, (b) transporting the material
from the source to the substrate, and (c) formation
of the particle and/or film by nucleation and growth.
Different techniques have been used to evaporate the
source such as electron beam, thermal energy, sput-
tering, cathodic arc plasma, and pulsed laser. Si
nanowire,?*"?40 GeOy nanowire,?*® Gas0324° nanowire,
7Zn0?° nanorod, GaO nanobelt and nanosheet,?5!
SnO; nanowire, nanoribbon, nanotube,2°? etc., have
been synthesized using PVD.

Figure 26 shows the ZnO nanorods grown on
alumina substrate by the PVD method.?*° The ex-
perimental apparatus includes a horizontal tube
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Figure 27. Flexibility of the ceramics increases dramatically with its size: (left) low-magnification TEM image of GasO3
nanoribbons; (middle) nanoribbon lying on the carbon substrate; (right) HRTEM image. Reprinted with permission from

ref 251. Copyright 2002 American Chemical Society.

Figure 28. Different shapes of CdSe nanoparticles (from left to right): dots (reprinted with permission from Annual
Reviews in Materials Science (http://www.AnnualReviews.org), ref 2. Copyright 2000 Annual Reviews); spindle-shaped,
rod-shaped, and tetrapod-shaped (reprinted with permission from ref 253. Copyright 2003 Wiley). Scale bar = 50 nm.

furnace, a rotary pump system, and a gas supply
system. A mixture of commercial ZnO, SnO,, and
graphite powder in a certain ratio (2:1:1 Zn/Sn/C) was
placed in an alumina boat as the source material and
positioned at the center of an alumina tube. The
deposition process was conducted at 1150 °C. The
desired nanostructures were deposited onto an alu-
mina substrate located 21 cm away from the center
of the furnace in a temperature range of 550—600
°C. Graphite was introduced as a vapor generation
agent for the growth of the desired nanostructures
because graphite can increase the creation rate of Zn
and Sn vapors and also reduce ZnO and SnO; to Zn
and Sn vapors at relatively low temperatures.

Figure 27 shows the GaO3; nanoribbons prepared
with PVD based on thermal evaporation of GaN
powders under controlled conditions in the presence
of oxygen.?! The commercially supplied GaN pow-
ders (99.99% metals basis, Alfa Aesar) were placed
at the center of an alumina tube that was inserted
in a horizontal tube furnace. The furnace was heated
at a rate of 10—15 °C/min to 1100 °C and then
maintained at this temperature for 2 h before being
cooled to room temperature. The pressure in the
growth chamber was 300 Torr, and the Ar flow rate
was 50 sccm. During evaporation, the products were
deposited onto polycrystalline alumina plates placed
at the downstream end of the alumina tube where
the temperature is ~800—850 °C. The formation of
GagOg rather than GaN was due to the high combin-
ability of Ga with oxygen leaked into the growth tube.

2.3. Growth Mechanism of Nanostructures of
Different Shapes

2.3.1. Effect of Monomer Concentration on the Shape of
the Semiconductor QDs

Nanocrystals of various shapes have been success-
fully synthesized over the past years. In particular,
dot-,2 rod-,2%372%% gpindle-,2?>?* and tetrapod-
shaped?%3.25425%6 gsemiconductor quantum dots have
been fabricated (Figure 28). Because the properties
of nanosized materials are strongly influenced by
their shape, it is very important to explore the growth
mechanisms that lead to a particular nanocrystal
shape to systematically produce the desired material.
In past years, Peng et al. have investigated the
growth mechanisms for developing various shapes of
II-VI type semiconductors using the hot TOPO/TOP
method.?”® From the previous sections, we have
learned that for a given monomer concentration,
there is a critical nanoparticle size formed. The
solubility of particles of this critical size equals
exactly the monomer concentration in the solution.
Any crystals with smaller sizes will have higher
solubility and, thus, will dissolve in the solution. On
the other hand, when the nanocrystals present in
solution are slightly larger than the critical size,
narrowing or focusing of the size distribution occurs,
whereby the smaller nanocrystals in the distribution
grow more rapidly than the larger ones. Finally,
when the monomer concentration is depleted due to
particle growth, the critical size becomes larger than
the average size present. Consequently, Ostwald
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ripening or defocusing occurs, where the size distri-
bution broadens because some smaller nanocrystals
are shrinking and eventually disappear, whereas the
larger ones are still growing. The distribution can be
refocused by injection of additional monomer, which
compensates for the depletion due to the growth and
shifts the critical size back to a smaller value. In this
step of nanocrystal growth, the focusing time as well
as the focused size changes with the different initial
concentration of the monomer as the time for deplet-
ing the monomer concentration varies. For example,
in synthesizing CdSe nanocrystals, when the initial
Cd/Se molar ratio in the stock solution is about 1.4:
1, the focusing time is shortened from 22 to 11 min
and the focused size decreases from 3.3 to 2.7 nm.
Decreasing the volume of the first injection by ~15%
and keeping all of the other conditions the same
achieve an initial Cd/Se ratio of 1.9:1, and the
nanocrystals can be maintained at the growth tem-
perature for hours after reaching the focused size
before any defocusing occurs.!

The nucleation stage for the growth of anisotropic
shapes plays a key role in determining the size/shape
of the resulting nanocrystals. The critical nuclei can
be much smaller than the ones for the synthesis of
dots. In the extremely small size range, the relative
chemical potential is highly size-dependent, and even
very sensitive to the configuration of the nuclei.
Thermodynamically, all of the nanocrystals will grow
toward the shape having the lowest energy at equi-
librium, which is governed by the classic theory.
However, the formation dynamics can affect the
shape of the formed nanocrystals. Indeed, the forma-
tion of nanocrystals is found to be a highly kinetics-
driven process. In principle, before the reaction
reaches the equilibrium stage, any metastable nano-
crystal shapes can be arrested by tuning the reaction
conditions. Even spherical or dot-shaped nanocrystals
are not thermodynamically stable unless they are
arrested or capped by different protecting groups,
which is true in the case of most nanocrystal sys-
tems. 1253

In summary, essentially at low monomer concen-
trations or long enough growth time, all nanocrystals
grow toward the lowest chemical potential environ-
ment, and this leads to the generation of only dots.
On the other hand, a median monomer concentration
can support only an isotropic growth in a three-
dimensional growth stage and produces spindle-
shaped nanocrystals. At high monomer concentra-
tions, the magic-sized nanoclusters promote the
formation of rods or other elongated structures hav-
ing metastability. If the remaining monomer concen-
tration in the growth solution is extremely high, the
solution could supply a sufficient amount of mono-
mers for each seed to fully grow arms on the four
(111) facets of the zinc blende structure of the
tetrahedral seeds and yields tetrapod-shaped nano-
particles as shown in Figure 29. 253

In reality, the monomer concentration remaining
in the reaction solution is always depleted by the
nucleation and growth of the nanocrystals. If the
reaction time is sufficiently long, the monomer con-
centration should drop to a level lower than that
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Figure 29. Illustration of the growth conditions for
different nanocrystal shapes. Reprinted with permission
from ref 253. Copyright 2003 Wiley.
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Figure 30. Illustration of the three growth stages of
elongated CdSe nanocrystals at different monomer con-
centrations. Reprinted with permission from ref 253.
Copyright 2003 Wiley.

reactant reactant
catalyst nanowire nanowire
nanocluster nucleation growth

Figure 31. Schematic diagram illustrating the catalytic
synthesis of nanowires. Reactant material, which is pref-
erentially absorbed on the catalyst cluster, is added to the
growing nanowire at the catalyst—nanowire interface.
Reprinted with permission from ref 257. Copyright 1999
American Chemical Society.

required for a given shape, and the nanocrystals
should eventually evolve to the most stable dot shape
if no additional monomers are added to the reaction
system. Figure 30 illustrates the three stages for the
shape evolution of a rod-shaped nanocrystal as the
monomer concentration decreases. The third stage
is one-dimensional-to-two-dimensional intraparticle
ripening. During this stage, there is no net monomer
exchange between the nanocrystals and the solution,
and the number of nanocrystals remains constant.
Due to the differences in chemical potential between
different facets of the nanocrystals, the monomers on
the nanocrystals move in an intraparticle manner to
convert the rod-shaped nanocrystals to the dot-
shaped ones.?53

2.3.2. Vapor-Liquid-Solid Growth for Nanowire by CVD
and PVD Methods

Figure 31 illustrates the growth process of nano-
wires in many CVD and PVD processes, where
catalysts are usually employed.?’” The growth of
nanowires follows the vapor—liquid—solid growth
mechanism, in which the vapor phase condenses on
the catalyst and forms a co-alloy in liquid phase, and
target solid wire grows after nucleation from this
liquid phase resulting from the continuing condensa-
tion of the vapor phase. Usually, the catalyst defines
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Figure 32. Illustration of the structural transformation
process from nanorod to gold nanodot. Reprinted with
permission from ref 258. Copyright 2000 American Chemi-
cal Society.

the diameter of the structure and localizes the
reactant at the end of the growing nanowire. The
liquid catalyst alloy cluster serves as a preferential
site for absorption of reactant (i.e., there is a much
higher sticking probability on liquid vs solid surfaces)
and, when supersaturated, acts as the nucleation site
for crystallization. Preferential one-dimensional
growth occurs in the presence of the reactant as long
as the catalyst remains as a liquid. The specific
composition (catalyst, nanowire material) to form a
liquid alloy with the nanowire material of interest
and the synthesis temperature are key components
to the growth of well-controlled nanowires.

2.3.3. Light-Induced Shape Change Mechanism of Metal
Nanorods

We previously reported that Au nanorods could
melt into Au nanodots with femtosecond laser
pulses 2552587260 Fioure 32 illustrates a proposed
mechanism of the rod-to-sphere shape transformation
process. The sides of defect-free single crystal Au
nanorods are enclosed by {110} and {100} facets, and
its growth direction is [001] (Figure 32a), with the
small {111} facets present at the corners. While being
illuminated by pulsed laser light, point defects are
first created in the body of the nanorods (Figure 32b),
which serve as the nuclei for the formation of twins
and stacking faults (Figure 32c¢). The melting first
takes place at the defect sites in order to form a
twinned crystal. Surface diffusion takes place simul-
taneously to enhance the growth of the twinned
crystal, which is driven by reduction of the surface
energy through the decrease of the {110} surface area
and the increase of the {111} surface (Figure 32d).
A continuation of the growth of the twinned crystal
finally eliminates the unstable {110} surface and
induces the more stable {111} and/or {100} faces,
which cover the whole nanoparticle and transform
the Au nanorods into spherical nanoparticles.2%8

In other studies, the growth of bigger nanodisks
from small nanoparticles induced by light has also
been reported, such as for silver nanoparticles. In this
process, the proposed mechanisms include the initial
melting of small silver nanoparticles and the subse-
quent disintegration into smaller particles. This step
is then followed by nucleation and growth,?¢! and the
bigger silver nanoparticles can be grown from the
coalescence of the aggregate of several small nano-
particles.11?

Burda et al.

3. Surface Chemical Modlification of
Nanoparticles

The surface plays an important role in the proper-
ties of nanoparticles, including the solubility, reactiv-
ity, stability, melting point, and electronic struc-
ture.?62 At the same time, the surface is the connection
of the nanoparticles to other materials and objects
nd plays a vital role in the construction of superlat-
tices in the fabrication of new devices and in the
conjugation with target molecules for drug delivery
applications. Thus, the chemical modification of the
surface of nanoparticles is a very important field.

During growth of the nanoparticles, stabilizing
agents are present to prevent nanoparticle aggrega-
tion and precipitation. Various organic and inorganic
materials have been utilized as capping materials on
the surface of nanoparticles through covalent or ionic
interactions.??% These capping groups can stabilize
nanocrystals in solution and passivate surface elec-
tronic states in semiconductor QDs. For example,
many nanoparticles are capped with inorganic ma-
terials to improve the photoluminescence quantum
yield.*"49.26¢ Besides modifying the properties of the
bare nanoparticles, they also play a role as the
connecting media of the nanoparticles to the outside
world. For example, in the superlattices of nanopar-
ticles, they define the space distances between nano-
particles.>?%5 On the other hand, in nanoparticle-
based drug delivery, they connect the nanoparticles
to the therapeutic agents.266

The techniques for tuning the surface capping
materials of nanoparticles allow more methods to
tailor the properties of these materials. For organic
capping, the tail and head groups can be varied
independently through well-established chemical
substitutions by ligand exchange. This involves re-
peated exposure of the nanocrystals to an excess
competing capping group, followed by precipitation
to isolate the partially exchanged nanocrystals.?5267

4. Assembly of Nanoparticles

The assembly of synthetic colloidal nanoparticles
to construct interesting materials for their potential
applications has been the subject of great interest
recently.2265.268,269 Nanoparticle superlattices can be
obtained by slowly evaporating the solvent that the
monodisperse nanoparticles are dissolved in,2265.268,269
The spacing between nanoparticles in the solids can
be tuned with the modification of the capping materi-
als.2’265

Glassy solids, with only short-range order and
random nanocrystal orientation, can be prepared by
tailoring the solvent composition to maintain stability
of the nanoparticle dispersion during solvent evapora-
tion.2270-273 When the interaction between the nano-
crystals is weak and repulsive, there is no significant
energy driving the formation of an ordered lattice.
However, as the concentration increases with solvent
evaporation, the viscosity of the dispersion increases
until it freezes the local liquid-like structure in the
s0lid.2™27 Very rapid destabilization forms low-
density fractal aggregates as particles quickly add
and stick to one another.?’® When introduced to a
nonsolvent, nanoparticle dispersions become un-
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Figure 33. Colloidal crystals grown with 48 CdSe nanoc-
rystals show a characteristic pyramidal shape of (111)g,
facets. The inset shows a (100)g], oriented colloidal crystal.
Reprinted with permission from Annual Review of Materi-
als Science (http:/www.AnnualReviews.org), ref 2. Copy-
right 2000 Annual Reviews.

stable, and the nanoparticles aggregate and precipi-
tate from solution. The structure of the aggregates
depends on the rate of destabilization and the stick-
ing coefficient between the particles. At slower rates
of destabilization, the particles form close-packed but
amorphous aggregates. The formation of nanocrystal
glasses is reversible at any step by gradual addition
of fresh solvent. These solids have liquid-like radial
distribution functions, resembling the random pack-
ing of hard spheres with soft shells.>265

Tailoring the composition of the dispersing medium
to provide a slow destabilization of the nanocrystal
dispersion as the solvent evaporates allows the
production of three-dimensional nanocrystal super-
lattices with long-range order over hundreds of
micrometers. For example, semiconductor nanocrys-
tals with organic stabilizers having long-chain alkyl
tail groups can be induced to order by evaporating
the nanocrystal dispersion composed of a low-boiling
alkane and a high-boiling alcohol. As the dispersion
is concentrated, the relative concentration of the
alcohol rises, which slowly reduces the steric barrier
to aggregation and causes slow separation of the
nanocrystals from the dispersed state. On the other
hand, dipolar coupling between polarizable metal
nanocrystals provides an attractive interaction that
allows metal nanocrystal superlattices to assemble
from single-component solvents.?’”~27 If the rate of
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the transition is carefully controlled, the sticking
coefficient between the nanocrystals remains low and
the arrival time is such that the nanocrystals have
sufficient time to find equilibrium superlattice sites
on the growing structure.?’® For example, slowly
destabilizing the dispersion by evaporating it from a
mixture of solvents and nonsolvents will result in
ordered superlattices that are also known as colloidal
crystals, which homogeneously nucleate in solution.
Mild destabilization provides a weakly attractive
potential and sufficient time for colloidal particles or
nanocrystals to find equilibrium superlattice sites.

Ordered NC superlattices have been prepared from
semiconductor nanocrystals such as CdSe,?25> AgS,%
Ti0y, 250 Au,278281 Ag 277,282 (1 27.29,71.283 Nj 29 T, 29,284
F9203,268’269 000,285 BaCrO4’286 and FePt‘35,36,287,288
Assembly of nanoparticles into wires and rings has
also been reported recently.37.289

Figure 33 shows a colloid crystal grown with 48
CdSe nanocrystals with a characteristic pyramidal
shape of (111)gy, facets, and the inset shows a (100)s,
oriented colloidal crystal by the method mentioned
above;?2% (111)sy, indicates the (111) face of the
superlattice composed of CdSe nanoparticles, and
(100)sr, indicates the (100) face of the superlattice.

Figure 34a shows TEM images of a (100)s;, projec-
tion through a three-dimensional superlattice of 48
A CdSe nanocrystals. At high magnification, the
internal lattice structure of the nanocrystal building
blocks is resolved as shown in Figure 34b. Small-
angle electron diffraction pattern demonstrates the
lateral perfection of the superlattice domain (Figure
34c). Very similar results were obtained along the
(101) projection and the (111) projection for other
superlattices?265

Recently, binary superlattice structured solids
composed of PbSe/y-FesOs nanoparticles have been
successfully prepared.?®® The 6 nm PbSe nanopar-
ticles were prepared using the method mentioned
under section 2.2.1. The 11 nm y-Fe;O3 nanocrystals
were synthesized with a similar method [decomposi-
tion of iron pentacarbonyl in trioctylamine (boiling
point = 365 °C) with oleic acid as surfactant, and a
subsequent oxidation with trimethylamine N-oxide
following a general one-pot synthesis]. Various size
ratios between PbSe and y-FesOs; particles were
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Figure 34. TEM images (A), at high magnification (B), and small-angle electron diffraction pattern (C) of a (100)s;, projection
through a three-dimensional superlattice of 48 CdSe NCs. TEM image (D), at high magnification (E), and small-angle
electron diffraction (F) of a (101) projection for a superlattice of 48 NCs. TEM image (G), high magnification image (H),
and small-angle electron diffraction pattern (I) of a (111) projection of a superlattice of 64 CdSe NCs. Reprinted with
permission from Annual Review of Materials Science (http://www.AnnualReviews.org), ref 2. Copyright 2000 Annual Reviews.
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Figure 35. TEM micrographs and sketches of ABy3 superlattices of 11-nm y-Fe;O3 and 6-nm PbSe NCs: (a) cubic subunit
of the AB13 unit cell; (b) AB13 unit cell built up of eight cubic subunits; (c¢) projection of a {100} s, plane at high magnification;
(d) same as (c) but at low magnification [(inset) small-angle electron diffraction pattern from a corresponding 6-um? areal,
(e) depiction of a {100} plane; (f) projection of a {110}sy, plane; (g) same as (f) but at high magnification; (h) depiction of
the projection of the {110} plane; (i) small-angle electron diffraction pattern from a 6-um?2 {110}gy, area; (j) wide-angle
electron diffraction pattern of an AB3-superlattice (SAED of a 6-um? area) with indexing of the main diffraction rings for
PbSe and y-Fe;03. Reprinted with permission from Nature (http://www.nature.com), ref 288. Copyright 2003 Nature

Publishing Group.

obtained (0.4—0.7), whereas the relative concentra-
tions were adjusted around the optimal composition
of the target structure (for example, 1:13 for AB;s).
Hexane, octane, and dibutyl ether were tested as
solvents in the drying process, and the temperature
of evaporation was increased from room temperature
to 60 °C. The deposition rate is adjusted by control-
ling the solvent vapor pressure above samples during
drying. By systematic variation of nanocrystal sizes,
concentrations, and deposition rates to optimize
assembly conditions, three-dimensional assembly as-
signed to crystal structures known from the inter-
metallic compounds NaZn;3, AlBy, and CaCu; has
been successfully constructed.?8

A unit cell of the AB;3 superlattice is composed of
eight cubes by twisting adjacent icosahedrons by 90°
as shown in Figure 35b. The larger y-Fe;Os nano-
particles form a cubic framework, with an icosahe-
dron of smaller PbSe nanoparticles in the middle and
the 13th PbSe nanoparticle in the center of the
icosahedron (Figure 35a). One of the {100} 51, planes
of a superlattice with each y-Fe;O3; nanoparticle
spaced with eight small PbSe nanoparticles (Figure
35¢,d) forms a square array (Figure 35e). A {110}
plane of the AB;3 superlattice (Figure 35f—h) consists
of y-Fe;O3 nanoparticles forming rectangles with a
ring of PbSe nanoparticles in the middle surrounding

an additional y-Fe;O3 nanoparticle (the icosahedron
is cut through the middle). The average cubic unit
cell has an edge length of ~36 nm, consisting of 8
y-Feg03 and 104 PbSe nanocrystals, ~4.5 x 108 atoms
in total.288

The hexagonal unit cell of the ABs superlattice
consists of parallel layers of hexagonally ordered
y-Fe;0O3 nanoparticles with PbSe nanoparticles in
every trigonal prismatic interstice (Figure 36a,b). In
the (001)gr, plane of the AB; structure, the particles
appear to touch each other in the two-dimensional
projection, but in fact the PbSe nanoparticles form a
second layer above the hexagonal layer of iron oxide
nanocrystals, and each one of the PbSe nanocrystals
is occupying the gap between three touching y-FeqOs
nanoparticles (Figure 36¢,d). The {111}gy, planes are
composed of parallel rows of y-FesO3 nanoparticles
forming an array of parallelograms or alternative
distorted hexagonal packing, which was confirmed
in the selected-area electron diffraction (SAED) pat-
tern (Figure 36g—j). The {112} planes project an
image with wavelike alternating layers of large and
small particles (Figure 36k,1). The lattice constants
are 12—13 nm for a and 15 nm for ¢, respectively,
and the elongation in the ¢ direction is caused by the
intermediate layer of small PbSe particles.



Chemistry of Nanocrystals of Different Shapes Chemical Reviews, 2005, Vol. 105, No. 4 1045

12},

AB, superlattice Hexagonal
a AB. unit cell

Figure 36. TEM micrographs and sketches of ABs superlattices (isostructural with intermetallic phase AlBs) of 11-nm
y-Fes03 and 6-nm PbSe NCs: (a) hexagonal unit cell of the AB; lattice; (b) ABg superlattice built up of alternating layers
of large and small particles; (¢) projection of the (001)g, plane; (d) same as (c) but at lower magnification; (e) depiction of
the (001) plane; (f) FET of (d); (g) projection of a {111}gy, plane; (h) same as (g) but at lower magnification; (i) depiction of
the projection of a {111}gy, plane; (j) small-angle electron diffraction pattern from a 6-um? {112}, area; (k) projection of
the {112} g1, plane; (1) same as (k) but at lower magnification; (m) depiction of the projection of a {112}g;, plane; (n) FFT of
(D). Reprinted with permission from Nature (http:/www.nature.com), ref 288. Copyright 2003 Nature Publishing Group.
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Figure 37. TEM micrographs and sketches of AB5 superlattices of 11-nm y-Fe;O3 and 6.3-nm PbSe NCs: (a) depiction of
the ABj5 structure as trigonal face-centered prism or layers; (b) hexagonal AB5 unit cell; (¢) depiction of the (001) plane; (d)
projection of the (001)gy, plane; (e) projection of the (001)g;, plane at high magnification; (f) small-angle electron diffraction
pattern from a 6 um? (001) SL area. Reprinted with permission from Nature (http://www.nature.com), ref 288. Copyright
2003 Nature Publishing Group.

Figure 37a—e shows the unit cell, the (001) plane, The size and shape distributions and the thickness

and the structure of the AB; superlattice, based on
11 nm y-FeyO3 nanoparticles and 6.3-nm PbSe nano-
particles. The average unit cell length agr, is 17 nm.
y-FesO3 nanoparticles in a hexagonal array are
separated by PbSe nanoparticles occupying the trigo-
nal interstices. Parallel layers of this arrangement
are separated by a hexagonal net of PbSe nanopar-
ticles.288

and the type of organic capping materials influence
the assembly of the nanoparticles. In the assembly
of spherical nanoparticles, the nanoparticles with the
surfactants on the surface can be treated as hard
spheres, and the arrangement of the nanoparticles
obeys the traditional prediction in a crystal model,
where the structures of the crystals are quite predict-
able on the basis of the ratio of the sizes of different
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Figure 38. TEM image showing ordered chalns of BaCrO4
nanorods. Reprinted with permission from Nature (http:/
www.nature.com), ref 293. Copyright 1999 Nature Publish-
ing Group.

units, such as the sizes of nanoparticles, for example,
RA/Rp in the assembly of nanoalloys of two different
sizes of nanoparticles.?9%-291

Unlike the isotropic hexagonal arrangement of
spherical or near spherical nanoparticles during the
assembly, the assembly of anisotropic nanostruc-
tures, including nanotubes and nanowires, requires
more effort and remains a good challenge. Fortu-
nately, recent progress demonstrated the good ma-
nipulation on the assembly of these more complex
structures, including nanorods and nanowires. The
alignment of nanowires made of silver nanoparticles
was demonstrated using a Langmuir trough by
Heath and co-workers,?®? without elucidating the
mechanism behind. Ordered chains of BaCrO,
nanorods as shown in Figure 38 were observed by
Mann and co-workers,??® and the assembly of these
structures was attributed to the interactions between
the surfactants on the surface of the adjacent nano-
rods. Nikoobakht and co-worker suggested that in the
assembly of nanorods, the interacting forces deter-
mining the parallel alignment between nanorods
include higher lateral capillary forces along the
length of the nanorod than its width, and van der
Waals attraction and a screened Coulomb repulsion
between nanorods.?** This explanation is adopted by
other researchers,2%5-29

Yang and co-workers adopted the technique of
Langmuir—Blodgett assembly of monolayers to as-
semble and align BaCrO4 and BaWO, nanorods.2%~297
They not only demonstrated the ordered side-by-side
alignment of these nanorods but also found singular-
ity structures in the assembly of multilayered nano-
rod structures,??>2% which was also found by Alivi-
satos and co-worker in the assembly of CdSe nano-
rods.?® Besides the directional capillary force and van
der Waals attraction as mentioned above, the con-
sideration that the maximization of the entropy of
the self-assembled structures by minimizing the
excluded volume per particle in the array by Onsager
was also taken into account in their explanation.?%>-2%
They also illustrated the pressure-induced phase
transition when the nanorods are compressed at the
water—air interface, which could help the assembly
of other nanorod materials using this technique.
Figure 39 shows two singularity structures within
the multiplayer nanorods (Figure 39a,b) and one
ordered monolayer with nematic configuration (Fig-
ure 39c¢).29%

Burda et al.

Figure 39. TEM images for two singularity structures
within the multiplayer nanorods (a, b) and one ordered
monolayer with nematic configuration (c). Insets in (a) and
(b) show the nanorod director orientation in the vicinity of
the singularity structures, and the inset in (¢) shows the
Fourier transform of the image. Reprinted with permission
from ref 295. Copyright 2001 American Chemical Society.
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Figure 40. TEM images of the end-to-end aligned Au
nanorods (a); (b) see ref 301; (c, d) see ref 302. Parts b—d
were reprinted with permission from refs 301 and 302.
Copyright 2003 and 2004 American Chemical Society.

The assembly of nanorods is also demonstrated by
other researchers.2%9-302 Besides the above side-by-
side alignment of nanorods, recent achievements on
the end-to-end alignment of gold nanorods are also
worthy of the special emphasis by choosing appropri-
ate linking molecules between nanorods,?°13%2 which
could expand the manipulation of nanoscale materi-
als. Figure 40 shows the TEM images of the end-to-
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end aligned Au nanorods using this method,31:3°2 and
readers are strongly urged to study their original
contributions. The different reactivities of the differ-
ent faces’ ending surfaces of the sides and ends of
these nanorods allow the selective binding with the
linkage, which finally connects the nanorods in a
linear way.301,302

The assembly of nanowires has also been demon-
strated, for example, by Lieber’s group 2°33% and by
Yang’s group 3% recently. This is not addressed here,
because it could be addressed in Lieber’s review in
this issue.

5. Optical, Thermal, and Electrical Properties of
Particles of Different Sizes and Shapes

5.1. Semiconductor Nanoparticles
5.1.1. Discrete Electronic Structure

Quantum confinement is a widely used terminology
in the study of nanocrystals. In a bulk crystal, the
properties of the material are independent of the size
and are only chemical composition-dependent. As the
size of a crystal decreases to the nanometer regime,
the size of the particle begins to modify the properties
of the crystal. The electronic structure is altered from
the continuous electronic bands to discrete or quan-
tized electronic levels. As a result, the continuous
optical transitions between the electronic bands
become discrete and the properties of the nano-
material become size-dependent.262306-308 Fyrther-
more, depending on the relationship of the radius of
the crystal to the Bohr radius of the bulk exciton, ag
= eh?/ue?, where u is the exciton-reduced mass and ¢
is the dielectric constant of the semiconductor,30%-310
the quantum confinement effect can be divided into
three regimes: weak confinement, intermediate con-
finement, and strong confinement regimes, which
correspond to a > agp, a ~ ap, and a < ag, respec-
tively.308-311

For small semiconductor nanocrystals, both linear
and nonlinear optical properties arise as a result of
transitions between electron and hole quantum-size
levels. In a spherical nanocrystal surrounded by an
infinite potential barrier, the energy of the electron
and hole quantum-size levels can be written in
parabolic approximation as?-309:311.312

hZ 2
g = - (11)
T 2mga

where [ is the angular momentum quantum number,
Mmen is the electron and hole effective mass, respec-
tively, a is the crystal radius, and ¢, is the nth root
of the spherical Bessel function. Thus, with decreas-
ing nanocrystal size, the energy of the lowest electron
and hole quantum-size levels increase as well as the
total energy of optical transitions between these
levels. In addition, between the optically created
electron and hole, there exists the Coulomb interac-
tion, which strongly affects the nanocrystal’s optical
spectra. The Coulomb energy of the electron and hole
interaction is on the order of e¢?/ea. Because the
quantization energy increases with decreasing size
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Figure 41. (a) Absorption spectra of 310 (1), 29 (2), and
20 (3) CuCl nanocrystals in radius. (b) Size dependence of
the exciton line peak position as a function of 1/ay; solid
lines are theory. Reprinted with permission from
Annual Review of Materials Science  (http:/
www.AnnualReviews.org), ref 311. Copyright 2000 Annual
Reviews.

by 1/a?, whereas the Coulomb energy grows only as
1/a, the Coulomb energy varies in a less pronounced
manner than the quantization energy as the size of
the nanocrystal changes. Specifically, in small nano-
crystals, the Coulomb energy becomes a small cor-
rection to the quantization energies of electrons and
holes. In large nanocrystals, the Coulomb interaction
is more important than the quantization energies of
the electrons and holes.

Weak Confinement Regime. When a > ag, the
binding energy of an exciton, E, is larger than the
quantization energy of both the electrons and holes,
and it is called the weak confinement regime. The
optical spectra of these nanocrystals are determined
by the quantum confinement of the exciton center of
mass, and the exciton energy is given by

hz(bln
fiw =E, — Ep + — (12)
2Ma

where E; is the semiconductor energy gap and M =
me. + my, is the exciton translation mass.?%® CuCl
nanocrystals are a very good system to study the
weak confinement effect because ag = 7 and the
condition a > ap can be easily met.?137316 The evolu-
tion of the absorption spectrum of CuCl nanocrystal
with size is described very well by eq 12 (Figure 41),
where these spectra exhibit two exciton lines con-
nected with two hole subbands.310:315
Intermediate Confinement Regime. The inter-
mediate confinement regime corresponds to a. > a
> apn, in which a, = €h?/m.e? and an, = ehi¥mpe? are
the Bohr radii of the electrons and holes, respectively,
assuming that the electron and hole have different
values of effective masses. In this case, the electron
moves much more quickly than the hole, which is
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Figure 42. (a) Absorption spectra of 240 (1), 36 (2), and
23 (3) CuBr nanocrystals in radius. (b) Size dependence of
the exciton line peak position as a function of 1/a2; solid
lines are theoretical results for a donor-like exciton.
Reprinted with permission from Annual Review of Materi-
als Science (http://www.AnnualReviews.org), ref 311. Copy-
right 2000 Annual Reviews.

confined in the average potential of the much faster
electron and is localized at the center of the nano-
crystal. The hole moving area around the crystal
center is much smaller than the nanocrystal radius,
and the size dependence of the exciton can be
described as the behavior of a donor localized at the
nanocrystal center. The excitation spectrum of such
a donor-like exciton can be described as oscillation
of the hole about the crystal center and has been
observed in the absorption spectra of moderately
sized CdS and CuBr nanocrystals.317-319 Figure 42
shows the size dependence of two exciton lines in
CuBr nanocrystals, where the bulk electron Bohr
radius is 18.

Strong Confinement Regime. Strong confine-
ment corresponds to ¢ < ap in small nanocrystals,
where the electron—hole Coulomb interaction lowers
the energy of these transitions only slightly. The
optical spectra can be considered as spectra of transi-
tions between electron and hole quantized electronic
levels. Transitions are allowed only between levels
with the same quantum numbers in the interband
transitions between quantum-size levels of conduc-
tion and valence bands. The transition energy can
be expressed as

2
o, =E, + EXa) + ESa) — 1.8=  (13)
Kka

where the Coulomb correction is calculated by first-
order perturbation theory.?!? Figure 43 shows the
absorption spectra and their size dependence in CdS
nanocrystals.320
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Figure 43. (a) Absorption spectra of 330 (1), 33 (2), 15
(3), and 12 (4) CdS nanocrystals in radius. (b) Size
dependence of the exciton line peak position as a function
of 1/a2. Solid lines are results of parabolic band approxima-
tion theory. Reprinted with permission from Annual Review

of Materials Science (http://www.AnnualReviews.org), ref
311. Copyright 2000 Annual Reviews.

5.1.2. Optical Transitions in Nanostructures of Different
Shapes

5.1.2.1. Optical Transitions in Semiconductor
Nanocrystals. The most striking property of semi-
conductor nanocrystals is the massive changes in
electronic structure as a function of size. As the size
decreases, the electronic excitations shift to higher
energy, and the oscillator strength is concentrated
into just a few transitions.>2%2 The optical properties
of semiconductor nanoparticles have been studied
extensively with different optical techniques and
theoretical considerations.?5262:321-324 Tpy the follow-
ing, the optical properties of semiconductor nanopar-
ticles are summarized on the basis of the research
on the model semiconductor CdSe nanoparticle sys-
tem.

5.1.2.1.1. Optical Transition from Intrinsic
States. A. Theoretical Consideration of Optical Tran-
sitions in Semiconductor Nanoparticles. Exciton Struc-
ture. CdSe nanocrystal is a model semiconductor
system and has been extensively studied over the
past years.25262,321-324¢ The bulk material adopts two
distinct crystalline phases, which consist of the
wurtzite and cubic zinc blende structures. Shown in
Figure 44 is an illustration of the electron energy
level scheme for a CdSe semiconductor that has a
cubic zinc blende structure.3?432> When the size of the
nanocrystal is smaller than the Bohr radius of the
exciton of the corresponding bulk material, the band
energy evolves into discrete energy levels, and the
optical transitions near the band edge involve only
the s conduction band level for electrons and the top
three p levels in the valence band levels for holes.
The optical transitions can be regarded as the energy
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Figure 44. Illustration of the band structure for cubic zinc
blende CdSe nanoparticles near I' (k = 0). Reprinted with
permission from ref 324. Copyright Taylor and Francis.

levels for electrons plus holes, and the relevant
nomenclature for the semiconductor QDs can be
derived from the atomic quantum numbers n (prin-
cipal), [ (angular momentum), m, and ms, to obtain
their J(L + S) values, where L represents the total
angular momentum and S the multiplicity term. For
example, in CdSe QDs, 1S3 — 1Se, 2S32 — 1Se, 1S12
— 1Se, and 1P32 — 1Pe are the commonly observed
transitions.??¢7326 When the spin—orbit coupling needs
to be included in the energy level scheme, then the
higher atomic number elements comprising the an-
ions play an important role. Then, for the cadmium
chalcogenides, the order for the spin—orbit splitting
for the valence energy levels is Te > Se > S > O.

When the radius of the QD R < ag, both the energy
spectrum and the wave functions for the electron (e)
and hole (h) in the e—h pair can be approximated by
using an independent quantization approach to the
e and h motion, which is a multiband effective mass
approximation. The effective mass approximation
requires an external potential that is smooth, and
2R > ao, where a is the lattice constant. The effective
mass approximation also requires that the e and h
energies lie close to the bottom of the conduction band
and the top of the valence band, respectively, and the
next energy levels for both the conduction band and
the valence band to the ones already involved must
be further away than the quantization energy, which
is the case when R < ag. For a spherically symmetric
QD with a cubic structure, the first level for the e is
a doubly degenerate (spin included) 1S. state, but the
first level for the h is a 1S3, state.311:324:327

The energies for the electrons can be derived from
the using the parabolic approximation:

h2r?

=—— (14)
2m*R

Els

On the other hand, information for the holes can
be approximated as follows:
for the 4-fold degenerate valence band (I'y)

hz(pQ(ﬂ)

E;n(B) =
3/2 ﬁ thh*Rz

(15)

with 8 = mp*/mu,*, the ratio of the light to heavy
hole effective masses, whereas ¢(3) involves solutions
using Bessel functions.311324,327
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For the ideal case of a spherical QD with a triply
degenerate valence band derived from p states and
an s-like conduction band, the exciton (e—h) pair
ground state is 8-fold degenerate (spin included) with
the label of 1S321Se. When the internal crystal
structure shape anisotropy and e—h exchange energy
are considered, the hole valence states split into two
2-fold degenerate states with |M| = /5 and %/, with
the M = 3/, state being the ground state, that is, 1Sz.
The splitting resulting from the hexagonal character
of the lattice structure involves the crystal field
splitting (Acr = 25 meV for bulk CdSe). In reality,
the splitting is modified for the nonspherical shape.
For example, in prolate shapes, the ellipticity u is
given by the relationship

c/lb=1+u (16)

for the ratio of the major to minor axes. The net
splitting of the hole states for a QD of radius R, with
R = (b%c)'3, is given by

AR, B, 1) = Ay Acr 17

where Ay, represents the shape contribution of the
splitting. For prolate CdSe nanoparticles with 4 > 0
and § = 0.28, the net splitting can decrease with size.
The order of the hole states can also alter, and the
|M| = /5 state becomes the ground-state level if R is
sufficiently small.311,324,327

The ideal 8-fold degeneracy of the band edge e—h
pair or exciton can also be lifted by e—h exchange
interaction. For bulk crystals, it is split into a 5-fold
degenerate and is in the optically passive state with
a total angular momentum of 2 and a 3-fold degener-
ate and optically active state with a total angular
momentum of 1. For hexagonal nanoparticles, the
degenerate ground state is split into five levels,
labeled according to the total angular momentum
projection

F=M+s, (18)

giving one level with F' = £2, two levels with F =
+1, and two levels with F' = 0.

The energies for the various levels (¢) are esti-
mated by the use of the appropriate exciton wave
functions for different values of the ellipticity (u).
Figure 45 shows the dot size dependence of the band
edge splitting for the spherical and prolate QDs with
ellipticity (« = 0.28), where the letters U and L refer
to upper and lower states, respectively.?1327 In the
above figure, the dashed lines correspond to the
optically passive or “dark” exciton levels. Depending
on shape, the order of the levels as R is varied can
be different. For the spherical QDs, the F' = +2 state
corresponds to the exciton ground state for all dot
sizes R and is optically passive, that is, dark. For
prolate QDs, the order of the exciton levels can
change at a specific R value, such as when R is small,
the optically passive or dark F' = 0 state becomes the
ground state for the exciton.311,324327

When levels cross at a specific value for R, the
shape asymmetry term can compensate for the
asymmetry due to having a hexagonal rather than a
cubic lattice. In this case, the exciton levels may
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Figure 45. Size dependence of the exciton band edge
energy for spherical shape and prolate QDs with ellipticity
u = 0.28. Solid lines are for optically active levels, whereas
dashed lines correspond to passive levels. Reprinted with
permission from Annual Review of Materials Science (http:/
www.AnnualReviews.org), ref 311. Copyright 2000 Annual
Reviews. Also, reprinted with permission from ref 327
(Figure 2a,c). Copyright 1996 American Physical Society.
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Figure 46. Size dependence of the oscillator strengths
relative to the OU state for spherical and prolate QDs with
u = 0.28. Reprinted with permission from Annual Review
of Materials Science (http://www.AnnualReviews.org), ref
311. Copyright 2000 Annual Reviews. Also, reprinted with
permission from ref 327 (Figure 4a,c). Copyright 1996
American Physical Society.

resemble those for dots having spherical symmetry,
and there develops one 5-fold degenerate exciton (e—
h) pair level with total a angular momentum of 2,
which is reflected by the crossing of the 0 as well as
the +1L levels with the +2 level. In addition, there
is one 3-fold degenerate exciton state that has a total
angular momentum of 1, as reflected by the crossing
of the 0V and the +1Y levels.311,324,327

Selection Rules and Transition Oscillator Strengths.
Figure 46 shows the calculated oscillator strengths
for both spherical and prolate-shaped QDs as the
sizes (R) vary for u = 0.28.311:327 The optical transition
probabilities change because of the mixing of the e
and h spin momentum states due to e—h exchange
interaction. However, the wave functions of the |F]|
= 2 exciton state do appear to remain unaltered by
this interaction, and it is in fact optically passive
(dark) in the dipole approximation, because any
emitted or absorbed photon during a transition
cannot have an angular momentum projection of £2,
but only 1. The £1F, 0%, and £2 exciton states all
represent the optically passive (dark) exciton states,

Burda et al.

whereas the +1Y and 0V remain as the three states
that carry nearly all of the oscillator strength.311325.327

B. Quantized Optical Transitions in Experimental
Studies. Figure 47 shows an illustration of the optical
absorption and emission transitions as well as the
vibrational levels in a configurational coordinate
diagram. Furthermore, it illustrates the optical ab-
sorption of the lowest transition, the photolumines-
cence emission peak, and the Stokes shift for a QD.
After excitation by light, the optical transitions can
occur as nonresonant, resonant, and interband tran-
sitions, which correspond to the transition energies
below, equal to, and above the band gap of the
semiconductor, respectively.3?> Because the electronic
structures of nanomaterials are quantized, the elec-
tronic transitions between these levels are also
quantized. To probe the quantized optical transitions
in semiconductor nanoparticles, different techniques
have been employed, including absorption spectros-
copy, photoluminescence excitation spectroscopy, tran-
sient differential absorption spectroscopy, and fluo-
rescence line or photoluminescence narrowing spec-
troscopy.

Absorption Spectra of Semiconductor Nanopar-
ticles. Optical absorption spectroscopy is the most
commonly used technique in exploring the quantum
effects in semiconductor nanoparticles. By using this
method, one can observe the development of discrete
features in the spectra and the enlargement of the
energy gap in semiconductor QDs.25262,321,322 How-
ever, many times, the discrete states are not readily
visible in the absorption spectra due to inhomoge-
neous broadening, which can be traced to the size,
shape, and surface defect distributions in the nano-
particles.

The number of occupied levels in the ground state,
the unoccupied levels in the excited state, and the
transition probability can also determine the absorp-
tion intensity, where the absorption constant is given
by

2
e
K =" NE)f; (19)

where N(£) is the density of state function and fj; is
the oscillator strength determining the transition
probability.3?¢ The inhomogeneous distribution of the
samples (including the surface defect distributions)
can change N(E), which may change the overlaps of
the transitions and result in the broadening of the
absorption bands.

The discrete optical transitions in the absorption
spectra have been observed in many monodisperse
nanoparticle systems.>”!? Figure 48 shows the ab-
sorption spectra for a series of CdSe nanoparticles
of different sizes. In addition, it shows how the first
absorption peak changes as the nanoparticle size
changes for CdSe, CdS, and CdTe QDs. The absorp-
tion spectra show a consistent red shift as the size
of the particle increases, and up to 10 discrete optical
transitions can be resolved, which corresponds to the
transitions between the discrete energy levels of the
QDs. A high-quality absorption spectrum for mono-
disperse QDs can be used to calculate and calibrate
the size and size distribution of the synthesized
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Figure 47. (Left) Illustration of optical absorption and emission transitions as well as the vibrational levels in a
configurational coordinate diagram. (Right) Simple illustration of an optical absorption, a PL emission peak, and the Stokes
shift for a QD. Reprinted with permission from ref 324. Copyright 2001 Taylor and Francis.
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nanoparticles directly. For example, empirical rela-
tionships between the size and the first absorption
wavelength can be derived for various types of
semiconductor QDs, and the size can be read out after
determination of the first absorption wavelength from
the absorption spectra.l®

However, line shape discrete optical absorption has
not been observed even in the best samples reported
due to the broadening effect. The broadening of the
absorption results from intrinsic (homogeneous) and
extrinsic (inhomogeneous) broadenings. The former
includes dephasing due to the exciton—phonon in-
teraction and carrier—carrier (or exciton—exciton)
interactions. Lattice vibrations give rise to stochastic
fluctuations of the exciton energy, which in turn
manifest themselves in the exciton line broadening.
Exciton—phonon coupling in an ideal nanocrystal can
be attributed to the interactions with optical phonons
and acoustic phonons. All of the above broadenings
give rise to a Lorentzian line shape. The inhomoge-
neous broadening can be attributed to the size, shape

dispersions, and scattering of the surface defects.
These broadenings lead to a Gaussian line shape.3%8
The features of interband optical transitions in the
absorption spectra of CdSe nanoparticles couple
different electron and hole states, and the spectra can
be fitted by sums of Gaussians.??°

For the series of CdSe QDs, although distinct
optical transitions are well resolved within ~1 eV on
the high-energy side of the 1S resonance of the
absorption spectra,??® the optical transitions merge
into the bulk structureless absorption at higher
energies.32°7331 The optical absorption of the nano-
crystal samples only determined by the volume
fraction (&) of the semiconductor material can be
expressed as

opthw = 3.5 eV) = &y(ho)|*oythw) =
noVolntho) o, (o) (20)

where ay(hw) is the bulk material absorption, Vj is
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the volume of a single nanocrystal, and n, is the
nanocrystal concentration in the sample. Thus, the
nanocrystal absorption cross section gy = ay/ng can
be expressed as

o,(ho = 3.5eV) = Vy|nthw) >, tho) =

%"R?’m(hw)ﬁab(zw) (21)

suggesting a strong nanocrystal size dependence of
0o (00 O R3). The oscillator strength shows a linear
dependence for the 1S transition (fis 0 R) and a
quadratic dependence for the 2S transition in the size
range from 1 to 4 nm. The absorption cross section
for transition with lower energy (1S) exhibits a much
weaker size dependence ([J R) at high spectral ener-
gies (0 R? for 2S and O R? or higher). The size
dependence of high-spectral-energy absorption cross
sections is significantly affected by size-dependent
changes in both the oscillator strength of an indi-
vidual transition and the spectral density of optical
transitions.3%?

For optical transitions that are far from any strong
resonance and the band edge, where the QD density
of states may be approximated as a continuum, the
QD absorption cross section may be modeled from the
light scattering of small particles.?3* The extinction
cross section is the sum of the absorption (C,) and
scattering cross sections (Cs):

C,=C,,+C (22)

scat

As light propagates a distance (/) through a medium
with a refractive index (¢) containing N particles per
unit volume, its intensity is reduced by e Cud
Because the radius (a) of nanoparticles is much
smaller than the wavelength in the medium (A/ey,, 1
is the wavelength in a vacuum), Cy,t is much smaller
than C,s and can be neglected. The extinction
coefficient can then be calculated using Beer’s law,
€, = Aj/cl, where A, is the absorbance at wavelength
(A), ¢ is the concentration of nanoparticle, and [ is the
path length (cm) of the sample cell.1%-332

Shown in Figure 49 is the extinction coefficient per
mole of CdTe, CdSe, and CdS nanocrystals.!® The
extinction coefficient per mole of the nanoparticles
is size-dependent, and it can be fitted as follows:

for CdTe: € = 3450AE(D)** (solid line) or
€ = 10043(D)**(dotted line)

for CdSe: € = 1600AE(D)? (solid line) or
e = 5857(D)*%(dotted line)

for CdS: € = 5500AE(D)*® (solid line) or
e = 21526(D)**(dotted line)

AE (in eV) is the transition energy of the first
absorption peak, and D is the diameter or size of the
nanocrystals.1?
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Figure 49. Extinction coefficient x 10° cm™! M1 of
particles at the first absorption peak position curves for
CdTe, CdSe, and CdS nanocrystals as a function of size.l?
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Figure 50. Observed and theoretical absorption cross
section as a function of size for CdSe QDs dispersed in
hexane. The symbols represent the experimental data. The
solid line is the theoretical calculation.?32

On the other hand, the nanoparticle absorption
cross section (cm?) can be obtained from the relation-
ship

2303¢,
Cabs = NA

(23)

where N, is Avogadro’s number. Figure 50 shows
observed and theoretical absorption cross section as
a function of size for CdSe QDs dispersed in hexane,
suggesting that the absorption cross section increases
as the radius of the nanoparticle increases.332

Figure 51 (left side) shows the absorption cross
section and the total oscillator strength per CdSe
unit. Over this limited energy range, the total oscil-
lator strength per CdSe unit varies weakly with QD
radius. As the QD radius decreases, the oscillator
strength per CdSe unit of the lowest energy transi-
tion (1S.1S3pn) increases. Figure 51 (right side) shows
the absorption cross section per QD for CdSe QDs.
The integrated oscillator strength per particle for the
lowest energy transition 1S.1Ss0, increases linearly
with the particle radius. 332

Photoluminescence Excitation (PLE) Spectra of
Semiconductor Nanoparticles. PLE is a very useful
technique adopted to explore the optical properties
of the semiconductor nanoparticles, which is achieved
by monitoring a narrow spectral region of the full
luminescence while scanning the excitation
energy.3?2:825,328333-335 The photoexcitation rate is
given by

R= qu(v)K dv (24)

where C is the radiation velocity within the material,
q(v) is the photon density of radiation, and K is the
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Figure 51. (Left) Room temperature absorption cross section per CdSe unit versus wavelength for CdSe QDs dispersed
in hexane. Each spectrum is divided by the volume of the QD to give the absorption cross section per CdSe unit. From
right to left, spectra are shown for QDs with radii of 33.9, 24.0, 18.7, 15.4, and 11.8. (Inset) Integrated area per unit
volume as a function of the QD radius. (Right) Room temperature absorption cross section per QD for CdSe QDs dispersed
in hexane. From right to left, spectra are shown for QDs with radii of 33.9, 24.0, 18.7, 15.4, and 11.8. (Inset) Integrated
oscillator strength per particle for the lowest energy transition 1S.1S3/,) plotted versus particle radius. Reprinted with
permission from ref 332. Copyright 2002 American Chemical Society.
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Figure 52. (Left) (a) Absorption (solid line) and photoluminescence (dashed line) spectra for 28-radius quantum dots. In
luminescence the sample was excited at 2.655 eV (467.0 nm). The downward arrow marks the emission position used in
PLE. (b) PLE scan for 28-radius dots. (Right) (a) Demonstration of the fitting procedure used to extract PLE peak positions.
The PLE scan (solid line) is compared to the fit (dashed line) for an 18-radius sample. The structure on the first absorption
is clearly visible in this plot. (b) Individual Gaussian components (solid lines) and cubic background (dashed line), which
combine to form the fit. Reprinted (Figures 1a,b, 3a,b) with permission from 325. Copyright 1996 by the American Physical

Society.

absorption constant. As g(v) increases very rapidly
with increasing wavelength, the significant part of
the integral in the above equation is concentrated
around the absorption edge. The transition may not
be observed in the PLE if g(v) is zero, even if the
absorption transitions between the two states occur.
The transition between two states may be detected
by absorption as long as the transition is allowed.
On the other hand, with PLE, only the radiative
transition can be observed.322:325,328,333-335

PLE spectroscopy is a very useful and cheap
technique that helps to remove the size distribution

broadening effect on the absorption spectrum of QDs
and assists in assigning the discrete optical transi-
tions,322:325,328,333-335 By probing the high-energy emis-
sion end of the luminescence, only emission from the
smaller nanoparticles is monitored (Figure 52, left).
By using this technique, up to 10 discrete optical
transitions have been obtained in near-monodisperse
CdSe QD samples. Figure 52 (right) shows the
resolved discrete transitions of the QDs obtained by
fitting with Gaussian functions.

Shown in Figure 53 are the normalized PLE scans
for seven different sizes of QD samples. In addition,
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Figure 53. (Left) Normalized PLE scans for seven different size CdSe quantum dot samples. Size increases from top to
bottom and ranges from 15 to 43 in radius. (Right) Transition energies relative to the first excited state as a function of
the energy of the first excited state and derived from the PLE spectra. Strong transitions are indicated by circles, weak
transitions by crosses. The solid and dashed lines are visual guides for the strong and weak transitions to indicate their
size evolution. (a), (b), (c), (d), (e), (f), (g), (h), (1), (j) refer to the optical transition of 1Ss,.Se, 2S3,1Se, 1S121Se, 1P351Pe,
2S121Se, 1P551Pe and 1P!y51Pe, 3S121Se, etc. Reprinted (Figures 2 and 4) with permission from ref 325. Copyright 1996
American Physical Society.
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Figure 54. (Left) (a) Absorption spectra (10 K) for CdSe dots embedded in poly(vinyl butyral) (PVB) films; (b) bleach
spectrum for 67 dots at 10 K; (¢) PL and PLE spectra for 67 dots at 10 K; (d) PL and PLE spectra for 62 dots at 10 K.
(Middle) Bleach spectra at 10 K, with pump energies at 1.842, 1.984, 2.060, 2.130, 2.198, 2.296, 2.339, 2.366, 2.490, and
2.557 eV for 115 to 19 dots. 1S3,21S, transitions were set to zero energy. (Right) Excited-state spacings from TDA spectra
(solid squares) plotted relative to 1S321S.. The x-axis is the size-dependent energy of 1S3,1S.. Dashed lines are visual
guides. Solid lines are predictions. PLE data are plotted (open circles). Reprinted (Figures 1—3) with permission from ref
321. Copyright 1994 American Physical Society.

the transition energies relative to the first excited particle size, the optical transition energy increases
state are presented as a function of the energy of the monotonically.

first excited state.?2® For the CdSe QDs, 10 discrete Transient Differential Absorption Spectra of Semi-
optical transitions were resolved and assigned cor- conductor Nanoparticles. Pump—probe or transient

respondingly (Figure 53). With the increase of the differential absorption spectroscopy can also help in
first transition energy or the decrease of the nano- resolving the discrete optical transitions in semicon-
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Figure 55. (Top) Illustration of fluorescence line narrow-
ing (FLN) measurement. (Bottom) Size dependence of the
FLN spectrum at 1.75 K showing the decrease in LO-
phonon coupling with increasing size. Reprinted (Figures
la and 9a) with permission from ref 336. Copyright 1994
American Physical Society.

ductor QDs.32! By exciting on the red edge of its first
transitions with a spectrally narrow pump beam, only
the bigger sizes of the nanoparticles are pumped. The
pump-induced change in optical density contains both
bleached and induced absorption arising from par-
ticles already containing an electron—hole pair. Com-
parison of the pump—probe spectra with the absorp-
tion data shows that bleach features correspond to
ground-state transitions, but are more clearly re-
solved in the former. Compared to the PLE spectrum
for the same sample, the spectrum is very similarly
featured with discrete transitions. However, there is
a shift in energy because PLE monitors the smaller
particles, whereas pump—probe monitors the bigger
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ones. Discrete optical transitions can also be assigned
using the pump—probe technique shown in Figure
54. Similar to the PLE technique, results on the
dependence of the transition energy on the size of
particle can be concluded from pump—probe mea-
surements.

Photoluminescence or Fluorescence Line Narrowing
(PLN or FLN) Spectra of Semiconductor Nanopar-
ticles. FLN or PLN is a similar technique, which
involves the excitation on the red side of the absorp-
tion spectrum to probe the bigger sized nanoparticles
in an inhomogeneous sample.?3® Using this technique,
the LO—phonon progression can be well-resolved, and
the exciton—LO—phonon coupling strength can be
monitored. For example, shown in Figure 55 is the
size dependence of the FLN spectrum at 1.75 K,
where the decrease in LO—phonon coupling with
increasing size is presented.?36

C. Comparison of Experimental Results with Theory.
Figure 56 shows a comparison of both experimental
and calculated exciton energies for the wurtzite form
of CdS QDs.324337 After removal of the degeneracy of
the valence bands at I' by crystal field and spin—orbit
interactions, a higher 2-fold spin degenerate band,
followed by a lower 2-fold degenerate band with (j;
m;) = (3/2; £/;) and a 2-fold degenerate band with
(7; m;j) = (Mq; £/5) were obtained, as indicated in the
three distinct optical transitions labeled A—C. From
this analysis, a reasonable agreement was shown
between the predicted and the experimental values.

Shown in Figure 57 is the size dependence of the
resonant and nonresonant Stokes shift of CdSe
nanoparticles.267,311,324327 Both the resonant and non-
resonant Stokes shifts increase as the size of the
semiconductor nanoparticles decreases. The resonant
Stokes shift corresponds to the difference in energy
between the pump energy and the zero LO phonon
line (ZPL) in the FLN spectra. The FLN spectra are
obtained by excitation of the TOPO-capped CdSe QDs
with a Q-switched Nd-doped YAG—dye laser system
operating with ~7 ns pulses. The spectra show good
band edge fine structure for the FLN spectra and
well-resolved LO phonon spectra. The resonant Stokes
shift shows good agreement with the theoretical
calculations, and the nonresonant Stokes shift was
found to depend on the size distribution. Further-
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Figure 56. (a) Direct exciton energies of wurtzite CdSe QDs (full line) and comparison with available experimental data;
(b) three calculated optical transition energies, A, B, and C, as a function of dot radius. Reprinted with permission from

ref 324. Copyright 2001 Taylor and Francis.
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Figure 57. (Left) Size dependence of the resonant Stokes shift, which corresponds to the difference in energy between
the pump energy and the zero LO phonon line (ZPL) in the FLN spectra. The solid line is the theoretical size-dependent
splitting between the £1L state and the 2 exciton ground state; experimental values are shown as x. (Right) Size
dependence of the nonresonant Stokes shift. This Stokes shift is considered to be the difference in energy between the
peak of the band-edge absorption and the peak of the full luminescence. Experimental values are represented by x. The
dashed line is the theoretical Stokes shift calculated for a sample with a 5% size distribution. It is the difference between
the mean energy of the three light exciton states and the mean position of the +2 exciton ground states of the participating
crystals. The solid line includes the contribution of phonons to the theoretical splitting. The dotted line shows the theoretical
results for a sample with a 10% size distribution. Reprinted with permission from ref 324. Copyright 2001 Taylor and
Francis. Also, reprinted (Figures 7 and 9) with permission from ref 327 (Figures 7 and 9). Copyright 1996 American Institute
of Physics.
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Figure 58. (A) Reflectance absorption, (B) photoluminescence (PL), and (C) thermoluminescence (TL) spectra of ZnS
nanoparticles and of the ZnS clusters in zeolite Y (ZnS/Y). For photoluminescence spectra of ZnS nanoparticles (Aexe = 280
nm). Reprinted with permission from ref 340a. Copyright 1997 American Institute of Physics.

more, the nonresonant Stokes shift contains contri- hole pairs recombine immediately and emit a photon
butions from shape, structure, and differences in that is known as fluorescence and if the electrons and
chemical environment experienced by the dots. Any holes created do not recombine rapidly, but are
other type of inhomogeneous broadening leads to an trapped in some metastable states separately, they
additional Stokes shift at the nonresonant excitation need energy to be released from the traps and
conditions. Thus, the nonresonant Stokes shift shows recombine to give luminescence. If they spontane-
deviation from the theoretical calculations. ously recombine after some time, it is called photo-

5.1.2.1.2. Optical Transition from Surface luminescence (PL). It is reported that the fluores-
States. Surface states and optical transition are cence process in semiconductor nanoparticles is very
important topics, which have been investigated with complex, and most nanoparticles exhibit broad and
different techniques, including up-conversion and Stokes shifted luminescence arising from the deep
extended X-ray absorption fine structure (EXAFS), traps of the surface states. Only clusters with good
etc. Here we focus our review on the optical tech- surface passivation may show high band-edge emis-
niques. Luminescence is one of the most important sion.>267:338.339 Tf the detrapping process is caused by
methods to reveal the energy structure and surface heating or thermostimulation, the luminescence is
states of semiconductor nanoparticles and has been called thermoluminescence (TL), and the energy
studied extensively. Whenever a semiconductor is corresponding to the glow peak is equal to the trap

irradiated, electrons and holes are created. If electron— depth. The TL process is different from the PL
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process because the energy of thermostimulation is
not sufficiently high to excite the electrons from their
ground states to their excited states. Only the car-
riers ionized from the surface states or defect sites
are involved in the TL process; that is, the thermolu-
minescence has arisen from the surface states. Ther-
moluminescence is a good way to detect the recom-
bination emission caused by the thermal detrapping
of carriers.3283402

Figure 58 shows the reflectance absorption, PL,
and TL spectra of ZnS nanoparticles. Two broad
absorption bands appear in the absorption spectra
of the ZnS nanoparticles. The absorption band around
300 nm was attributed to the interband transition
or exciton absorption of the particles. The absorption
bands in the long-wavelength regimes were caused
by the surface states of the ZnS nanoparticles be-
cause the absorption was lying below the absorption
edge of the particles. As the size decreases, the
absorption of the surface states becomes more inten-
sive and the absorption peak shifts to the blue. This
indicates that the contents of the surface states
increase as the size of the particles decreases. Be-
cause the surface-to-volume ratio increases as the
size decreases, ions at the surface increase rapidly,
and surface states (dangling bonds, defect sites, or
traps) increase rapidly via surface reconstruction.

The broad and Stokes-shifted emission band in PL
was attributed to the so-called trapped luminescence
arising from the surface states. The surface emission
becomes more intensive and shifts to the blue as the
size of the particles is decreased.

An obvious glow peak around 396 K in TL was
observed. The three samples show the glow peaks at
almost the same position, and the TL intensity
increases as the particle size decreases. The increase
in the TL intensity upon decreasing size reveals the
increase in the surface states as the size is decreased.
This result is in agreement with that obtained from
the fluorescence and absorption measurements. TL
information provides other evidence to show that the
long-wavelength absorption is caused by the surface
states.

Recently, we found that optical transitions in the
absorption spectrum involving the surface states can
be clearly observed in the process of the gradual
crystallization of small CdSe nanoparticles.?*® The
small CdSe nanoparticles had similar sizes around
2.0 nm during the crystallization process. The ini-
tially formed amorphous CdSe nanoparticles crystal-
lized slowly by reconstructing the surface atoms,
moving the deeper surface states to shallower ones,
resulting in a blue-shift absorption during the crys-
tallization process and highly crystallized nanocrys-
tals after the crystallization. The gradual crystalli-
zation process is also reflected in the PL spectra as
well.

5.2. Metallic Nanoparticles

Surface Plasmon Resonant Transitions in
Metal Nanoparticles. Colloidal solutions of spheri-
cal gold nanoparticles exhibit a deep red color due to
the well-known surface plasmon absorption. The
surface plasmon resonance is caused by the coherent
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Figure 59. Illustration of the excitation of the dipole
surface plasmon oscillation. A dipolar oscillation of the
electrons is created with period 7. Reprinted with permis-
sion from ref 259. Copyright 2000 Taylor and Francis.

motion of the conduction band electrons, which
interact with an electromagnetic field.259260,341-343 Tpy
a classical picture, polarization of the electrons with
respect to the much heavier ionic core of a spherical
nanoparticle is induced by the electric field of an
incoming light wave. A net charge difference exists
only at the nanoparticle surface, which in turn acts
as a restoring force. In the simplest case, a dipolar
oscillation of all the electrons with the same phase
is created, as shown in Figure 59. The observed color
originates from the strong absorption of the metal
nanoparticles when the frequency of the electromag-
netic field becomes resonant with the coherent elec-
tron motion.

The frequency and width of the surface plasmon
absorption depends on the size and shape of the
metal nanoparticles as well as on the dielectric
constant of the metal itself and the surrounding
medium.25%.260.341-343 Noble metals such as copper,
silver, and gold have a strong visible-light plasmon
resonance, whereas most other transition metals
show only a broad and poorly resolved absorption
band in the ultraviolet region.?5%-260.344 Thig difference
is attributed to the strong coupling between the
plasmon transition and the interband excitation. In
addition, the conduction band electrons of the noble
metals can move freely, independently from the ionic
background, and the ions act only as scattering
centers.?4%346 This gives the electrons in the noble
metals a higher polarizability, which shifts the plas-
mon resonance to lower frequencies with a sharp
bandwidth. The surface plasmon resonance was
theoretically explained by Mie in 1908, including
linear optical properties such as extinction and
scattering of small spherical metal particles.?4’

Mie’s theory and experimental spectra agree well
in the size regime >20 nm until the normal incidence
absorption no longer shows a plasmon resonance for
bulk metals. The spectrum is composed of the sum
of size-dependent absorption and scattering modes.
Higher order modes become more dominant with
increasing particle size, causing the plasmon absorp-
tion band to red shift and resulting in increased
bandwidth, because for larger particles, the light
cannot polarize the nanoparticles homogeneously and
retardation effects lead to the excitation of higher
order modes.?*! The optical absorption spectra depend
directly on the size of the nanoparticles, which is
called the extrinsic size effect.?*! Figure 60 shows the
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Figure 60. Optical absorption spectra of 22, 48, and 99
nm spherical gold nanoparticles. The broad absorption
band corresponds to the surface plasmon resonance. Re-
printed with permission from ref 259. Copyright 2000
Taylor and Francis.

absorption spectra of Au spherical nanoparticles with
different sizes. As the size increases, the plasmon
band shifts to the red.

When the size of nanoparticles is much smaller
than the wavelength (<20 nm) of the interacting
light, only the dipole oscillation contributes signifi-
cantly to the extinction cross section. Mie’s theory can
be approximately expressed?5%260,341-344

9VE?I{2 (,{)62(60)
Uext = : 2 2 (25)
c le;(w) + 2¢€, 17 + e9(w)

where V is the particle volume, w is the angular
frequency of the exciting light, and ¢ is the speed of
light. €, and e(w) = e1(w) + iea(w) are the dielectric
functions of the surrounding medium and the metal,
respectively. For the metal, the dielectric function is
complex and depends on the frequency. The reso-
nance condition is fulfilled roughly when e;(w) = —2¢,
if €5 is small or weakly dependent on w.

Within the dipole approximation (eq 25), the sur-
face plasmon resonance is independent of the particle
size. This is contradicted with experimental results
on metallic nanoparticles much smaller than 10
nm,**! where the plasmon band shows a size depen-
dence for small particles and even disappears com-
pletely for nanoparticles of <~2 nm 278348349 Thysg,
the assumption of a free electron gas is no longer
valid in the size range below 2 nm. Very small
nanoparticles are better treated as molecular clusters
with discrete electronic states. The question arises
about the validity of bulk optical properties stemming
from a bulk dielectric function, even for particles
within an intermediate size range from 2 to 20 nm
with established electronic bands. Thus, the dielectric
function is modified for the smaller sized nanopar-
ticles. The dielectric function is decomposed into the
interband transitions and a free electron part; the
latter can be modified to account for enhanced
electron-surface scattering as a function of the par-
ticle radius (R) within the Drude free-electron model.
Therefore, the dielectric function becomes size de-
pendent [¢ (w, )], and this explains the observed 1/r
dependence of the plasmon bandwidth.?4! The size
effects for smaller nanoparticles are called intrinsic

Burda et al.

size effects because the dielectric function of the
material itself is size-dependent.?*! Many other ef-
fects such as the spill out of the conduction electrons
have also been considered and were incorporated
by changing the bulk dielectric function ap-
propriately.350-360

Mie’s theory for spherically shaped particles was
extended within the dipole approximation by Gans
for cylindrical or oblate nanoparticles.36! The particles
are usually characterized by their aspect ratio (ratio
between the length and width of the particle). For
elongated ellipsoids, the extinction cross section Gext
is given by?362

(1/P?)e

w 2

O = eV - (26)
3c T{e; + (1 = P)Ple,}* + &’

where P; are the depolarization factors along the
three axes A, B, and C of the nanorod with A > B =
C, defined as

_1-¢1 1—I—e_]
1-P
Py=Po=—5" (28)

and the aspect ratio (R) is included in e as follows:

o= [1 _ @)z]uz _ (1 B }%)1/2 29)

The plasmon resonance for nanorods splits into two
bands. As the aspect ratio increases, the energy
separation between the resonance frequencies of the
two plasmon bands also increases.19%:363-365 The high-
energy band corresponds to the oscillation of the
electrons perpendicular to the major axis of the rods
and is referred to as the transverse plasmon absorp-
tion. The other absorption band, which is red-shifted
to lower energies, is caused by the oscillation of the
electrons along the major axis of the nanorods and
is known as the longitudinal surface plasmon absorp-
tion. The transverse plasmon absorption has linear
dependence on the aspect ratio and the dielectric
constant of the medium.

Figure 61 shows the experimentally observed ab-
sorption spectrum of a nanorod sample having an
aspect ratio of 3.3 compared to the 22 nm nanodots.2
The inset shows how the maxima of the transverse
(squares) and longitudinal (spheres) surface plasmon
modes vary with aspect ratio. The transverse plas-
mon absorption band is relatively insensitive to the
nanorod aspect ratio and coincides spectrally with the
surface plasmon oscillation of the nanodots.

Photoluminescence from bulk copper and gold has
been used extensively in characterizing the carrier
relaxation and the band structure of metals.366-37
The emission peak is centered near the interband
absorption edge of the metal and attributed to direct
radiative recombination of the excited electrons with
holes in the d band. In bulk noble metals, the
quantum efficiency of the photoluminescence is very
low, typically on the order of 107,372 On rough metal
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Figure 61. Absorption spectrum of a nanorod sample
having an aspect ratio of 3.3 compared to the 22-nm
nanodots. The inset shows how the maxima of the trans-
verse (squares) and longitudinal (spheres) surface plasmon
modes vary with aspect ratio. Reprinted with permission
from Annual Reviews of Physical Chemistry (http://
www.AnnualReviews.org), ref 260. Copyright 2003 Annual
Reviews.
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Figure 62. Luminescence spectra of colloidal gold nano-
rods with aspect ratios of 2.6, 3.3, and 5.4 (480-nm
excitation). The inset shows the linear dependence of the
luminescence maximum on the aspect ratio. Reprinted with
permission from Annual Reviews of Physical Chemistry
(http://www.AnnualReviews.org), ref 260. Copyright 2003
Annual Reviews.

surfaces, the luminescence is enhanced by several
orders of magnitude, known as the lightning rod
effect.367:373:37 Rough metal surfaces can be treated
as a collection of randomly oriented nanometer hemi-
spheroids on the smooth surfaces, which have a
surface plasmon resonance similar to the gold nano-
rods, and therefore the incoming and outgoing elec-
tric fields are amplified by the plasmon resonances
around the hemispheroids. The luminescence ef-
ficiency of gold nanorods increases by 6 orders of
magnitude by this lightning rod effect.?”

Figure 62 show the absorption and steady-state
fluorescence spectra, respectively, of three gold na-
norod samples having average aspect ratios of 2.6,
3.3, and 5.4.%260 The spectra reveal the presence of an
emission band between 550 and 600 nm. The lumi-
nescence quantum efficiency increases linearly with
the square of the aspect ratio, and the fluorescence
maximum red-shifts linearly with increasing nanorod
aspect ratio as shown in the inset.?”> On the other
hand, gold nanodots with diameters between 20 and
30 nm prepared according to the same method do not
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show a comparable emission. Thus, the longitudinal
plasmon resonance absorbing at longer wavelengths
is more effective in amplifying the fluorescence in
gold nanoparticles compared to the surface plasmon
resonance of spheres, and this is consistent with the
longer dephasing times measured for the rods.?"

Luminescence was also found to be absent in 15
nm spherical nanoparticles, whereas the enhance-
ment of the photoluminescence was found for very
small gold clusters (<5 nm).3"” The origin of the
photoluminescence was attributed to the radiative
recombination of an electron—hole pair. The electrons
from the filled d band to electronic states were
promoted to the sp conduction band above the Fermi
level by the incident photons. Both electrons and
holes relax by scattering with phonons and recombine
radiatively to emit luminescence, which is modified
by the local field created around the nanoparticles
caused by excitation of the plasmon resonance. The
theory of the local field effect has been successfully
applied in various cases, including second harmonic
generation, surface-enhanced Raman scattering, lu-
minescence from rough noble metal surfaces,367:373.374
and luminescence of gold nanorods, where the ob-
served linear dependence of the luminescence maxi-
mum and quadratic dependence of the quantum yield
on the aspect ratio can be reproduced.3™

Triangle-branched Au nanocrystals have been re-
cently synthesized and characterized.?”® In contrast
to the characteristic red color of spherical Au nano-
particles, the colloidal triangle-branched Au nanoc-
rystals are blue. The measured extinction spectrum
is shown in Figure 63, and the plasmon resonance
peak is red-shifted from 500 to 530 nm for spheres
to 690 nm for the branched particles. The plasmon
band can be varied in the range from 650 to 700 nm,
and the narrower plasmon band centered at 657 nm
corresponds to smaller average sizes. The plasmon
resonance for the triangle-branched Au nanocrystals
has three bands, corresponding to two in-plane or
longitudinal surface plasmon absorptions at the
longer and shorter wavelength and one out-of-plane
or transverse plasmon absorption present between.

Plasmon resonance spectra with three or more
resonance bands are also observed for silver nanoc-
rystals with different shapes, such as silver nano-
disks106:112.379,380 g1y silver nanoprisms.!'3 It could be
concluded that the number of asymmetric dimensions
in the shape of metal nanocrystals can break the
plasmon band. The number of plasmon bands in-
creases from one to two, three, or more as the shape
changes from sphere to rod, disk, or irregular. This
is because the plasmon band breaks or degenerates
from one band into two, three, or more bands.

5.3. High Surface-to-Volume Ratio

Two key factors controlling the properties of na-
nomaterials are the size and surface characteristics
of nanoparticles.?262:323,346.381 Thegse two factors are
interrelated because the S/V ratio increases as the
size decreases. For a spherical particle, the S/V ratio
is inversely proportional to its radius, R (S/V = 3/R).

Full-shell clusters are built up by hexagonal (hcp)
or cubic (ccp) close-packed atoms. This assumes that
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Figure 63. (Top) UV—visible spectra of branched gold
nanocrystals with bigger size (a) and smaller size (b). The
dashed line (c) shows the calculated extinction spectrum
using the discrete dipole approximation (DDA) method.
(Bottom) Calculated extinction spectra of a single gold
nanocrystal for two in-plane polarization directions and one
out-of-plane direction. The upper right shows one illustra-
tion of the branched gold. Reprinted with permission from
ref 378. Copyright 2004 American Chemical Society.

the particles are built on a center atom by adding
one, two, or three dense-packed shells. The number
of atoms per shell is Ny = 10n2 + 2, where n is the
number of the shell.?*6 The total number (N) of atoms
of the n shell is N = (10n® + 1512 + 11n + 3)/3. Thus,
the surface/volume ratio is NJ/N. For example, when
the smallest full-shell cluster consists of 13 atoms,
the surface atom ratio is 12/13 = 92.3%. Assuming
that the thickness per shell is 6 A, we can calculate
the surface/volume ratio as shown in Figure 64,
where the surface/volume ratio increases as the
radius of the particle decreases, that is, in the regime
of fewer than 10 layers, corresponding to ~3 nm.

It is clear that the surface of nanoparticles plays
an important role in their fundamental properties,
from structural transformation via light emission to
solubility. The surface atoms are chemically more
active compared to the bulk atoms because they
usually have fewer adjacent coordinate atoms and
unsaturated sites or more dangling bonds. At the
same time, the imperfection of the particle surface
induces additional electronic states in the band gap,
which act as electron or hole trap centers. At high
densities of surface defects, a decrease in the ob-
served transition energy and a red-shifted emission
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Figure 64. Surface/volume ratio as a function of the
particle size.

band can be observed due to defect band formation.
As the size of the materials decreases, the surface-
to-volume ratio increases and the surface effects
become more apparent and thereby easier to explore.
In addition, the surface states near the gap can mix
with the intrinsic states to a substantial extent, and
these effects may also influence the spacing of the
energy levels of nanoparticles.5262323,346,381

In a system containing only a few hundred atoms,
a large fraction of these atoms will be located on the
surface. Because surface atoms tend to be coordina-
tively unsaturated, there is a large energy associated
with this surface. The smaller the nanocrystal, the
larger the contribution made by the surface energy
to the overall energy of the system and, thus, the
more dramatic the melting temperature depression
as discussed later.262

5.4. Melting Point

In a wide variety of materials ranging from metals
to semiconductors to insulators, a decrease in solid
to liquid transition temperature has been observed
with decreasing nanocrystal size.3827386 Because sur-
face atoms tend to be coordinatively unsaturated,
there is a large energy associated with this surface.
The key to understanding this melting point depres-
sion is the fact that the surface energy is always
lower in the liquid phase compared to the solid phase.
In the dynamic fluid phase, surface atoms move to
minimize surface area and unfavorable surface in-
teractions. In the solid phase, rigid bonding geom-
etries cause stepped surfaces with high-energy edge
and corner atoms. By melting, the total surface
energy is thus reduced. This stabilizes the liquid
phase over the solid phase. The smaller the nano-
crystal, the larger the contribution made by the
surface energy to the overall energy of the system
and thus, the more dramatic the melting temperature
depression. As melting is believed to start on the
surface of a nanocrystal, this surface stabilization is
an intrinsic and immediate part of the melting
process.387:388 Figure 65 shows the relationship be-
tween particle size and melting point of gold and CdS
nanoparticles. It is clear that the melting point
decreases as the size of the particles decreases, and
there is a dramatic decrease in the melting points
for particles that are smaller than 3—4 nm.262:346
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Figure 65. Relationship between the melting points and
the sizes of gold (top) (reprinted with permission from ref
346; copyright 2001 Wiley) and CdS nanoparticles (bottom)
(reprinted with permission from ref 262; copyright 1996
American Chemical Society).

5.5. Conductivity and Coulomb Blockade

Electrical conductivity of bulk metals is based on
their band structures. The mobility of electrons is
described by

el

# 4regm Vi (30)
where 1 is the mean free path of the electrons
between two collisions, m, is the effective mass of the
electron in the lattice, Vr is the speed of the electrons
(Fermi speed), and ¢ is the dielectric constant of
vacuum. The expression 1/ Vp can be interpreted as
the mean time, 7, between two collisions of electrons.
For example, in copper, Vr is ~1.6 x 106 ms™! and 4
is ~4.3 x 1078 m (43 nm), and as a result, 7 is equal
t0 2.7 x 107 s (270 fs). In any metal, there are two
scattering mechanisms: by lattice defects (foreign
atoms, vacancies, interstitial positions, and grain
boundaries) and by phonons (thermal lattice vibra-
tions). The collective motion of electrons in a bulk
metal obeys Ohm’s law U = RI, where U is the
applied voltage, R is the resistance of the material,
and I is the current.346

As the electron band becomes discrete energy
levels, the above Ohm’s law is no longer valid. If an
electron is transferred to the particle, its Coulomb
energy (E¢) increases by E¢ = e%/(2C), where C is the
capacitance of the particle. Thermal motion of the
atoms in the particle can initiate a change in the
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Figure 66. [—U characteristic of ideal single electron
transport, where Coulomb blockade is shown as the step
function.

charge and the Coulomb energy so that further
electrons may tunnel uncontrolled. To produce single-
electron tunneling processes, the thermal energy of
the particle must be much smaller than the Coulomb
energy, kT < e%/(2C), to keep the energy on the
particle. With an additional charge, a voltage U =
e/C is produced, leading to a tunneling current I =
U/Rr = e/(RtC), where Rt is the tunnel resistance.
The resulting additional charge has a mean lifetime
of T = RqC. The related Heisenberg uncertainty of
energy, OE = h/t = h/(R1C), leads to unexpected
tunneling if it exceeds the Coulomb energy. The
Heisenberg fluctuation energy is expressed as E =
h/RquC, where Rqy is the quantum Hall resistance.
Thus, a second condition for single-electron tunneling
is Rqu < Rr. The quantum resistance can also be
elucidated from classical transport as follows: quan-
tum = dedt ~ h = e%RC x RC ~ h = R~ 2h/e?, where
much lower R means classical.

The current—voltage characteristic for an ideal
quantum dot shows no current up to Ucouomp = +e€/
2C. If this value is reached, an electron can be
transferred. Following this, an electron tunneling
process occurs if the Coulomb energy of the quantum
dot is compensated by an external voltage of U =
+ne/(2C). An idealized “staircase”, resulting from the
repeated tunneling of single electrons, is shown in
Figure 66. The step height AI corresponds to e/(RC),
and the width AU corresponds to e/(2C).

As the size of semiconductors and metals ap-
proaches nanometer length scales, the finite size of
the materials also leads to unique electronic proper-
ties. To add a single charge to a semiconductor or
metal NC costs energy because a charge carrier is
no longer solvated in an effectively infinite medium.
For a NC surrounded by a medium of dielectric
constant, ¢, the capacitance of the nanoparticle,
depends on its size as C(r) = 4merep and the energy
required to add a single charge is given by the
charging energy Ec = e%2C(r). Tunneling of single
charges onto metal or semiconductor nanoparticles
can be seen at temperatures kg < E¢ in the I-V
characteristics from devices containing single nano-
particles®?:392 or from STM measurements of NCs on
conductive surfaces.393:3%94

Figure 67 shows one approach to measure the
Coulomb blockade.?*! First, leads with a spacing of a
few nanometers are fabricated using electron beam
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Figure 67. (a) Field emission scanning electron micro-
graph of a lead structure before the nanocrystals are
introduced. The light gray region is formed by the angle
evaporation and is 10 nm thick. The darker region is from
a normal angle evaporation and is 70 nm thick. (b)
Schematic cross section of nanocrystals bound via a bi-
functional linker molecule to the leads. Transport between
the leads occurs through the mottled nanocrystal bridging
the gap. Reprinted with permission from ref 391. Copyright
1996 American Institute of Physics,
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Figure 68. I —V characteristic of a 5.8-nm diameter Au
nanocrystal measured at 77 K. Several Coulomb steps of
period AVsd = 200 mV can be seen. Reprinted with
permission from ref 391. Copyright 1996 American Insti-
tute of Physics.
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Figure 69. (a) I versus Vsd and (b) dI/dVsd versus Vsd
for a 5.8-nm diameter CdSe nanocrystal measured at 77
K. In (b), Coulomb peaks with a spacing of 130 mV are
clearly visible. Reprinted with permission from ref 391.
Copyright 1996 American Institute of Physics.

lithography and shadow evaporation. Then, an or-
ganic monolayer is used to bind nanocrystals to the
leads and serve as a tunnel barrier. When a nano-
crystal bridges the gap between the leads, it can then
be electrically investigated.

Figure 68 shows the measured current (I) as a
function of the source-drain bias, V, for a 5.8 nm
Au nanoparticle system at 77 K. A Coulomb staircase
is observed due to incremental charging of the dot
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Figure 70. (Top) lustration of STM spectroscopy mea-
surements on a carbon nanotube. (Middle) -V character-
istics of the tube on a straight line along the tube axis.
Current steps correspond to discrete energy states entering
the bias window. (Bottom) Discrete charging exhibits
Coulomb blockade. Reprinted with permission from Science
(http://www.aaas.org), ref 400. Copyright 1999 American
Association for Advancement of Science.

by single electrons with increasing V. The period
of these steps, AVy, is 200 mV. Figure 69 shows I
and dI/dVyq versus V for a 5.8 nm CdSe nanocrystal
measured at 77 K. Here, a Coulomb staircase with a
period of 130 mV is observed.3%!

STM is commonly employed to study the electronic
and conductivity properties of metallic carbon nano-
tubes.23%-401 Figure 70 shows an illustration of STM
spectroscopy measurements on a carbon nanotube
(top). The I-V characteristics of the tube were
measured on a straight line along the tube axis, and
current steps correspond to discrete energy states
entering the bias window (middle). Also, discrete
charging was observed (bottom). The above observa-
tions clearly exhibit Coulomb blockade in carbon
nanotubes. 4007401
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6. Nonradiative Relaxation of Nanoparticles of
Different Shapes

6.1. Nonradiative Relaxation in Metal
Nanostructured Systems

6.1.1. Background

Time-resolved transmission, reflectivity,25%260,402-413
and two-photon photoemission spectroscopies!4~419
have been used to study the interaction between the
electrons and the lattice vibrations (phonons) in bulk
metallic materials. The electrons of the metal can be
selectively excited, and the electron—phonon coupling
can be studied in real time, with the advancement
of ultrashort laser pulses, which are shorter than the
electron—phonon energy relaxation time.402403 Elec-
tron—electron interactions are strong enough to ther-
malize the electron gas within the duration of the
laser pulse excitation due to the high electron density
in metals. Because of the large difference in their
heat capacities, the electrons and the lattice can be
treated as two coupled subsystems according to the
two-temperature model (T'TM).420

In interband transitions, the holes in the low-lying
d band recombine with the excited electrons above
the Fermi level or the unexcited electrons below the
Fermi level in the time range of tens of femto-
seconds,*?17423 which is faster than or comparable
with the duration of the laser pulse excitation. It is
the high density of the charge carriers in the conduc-
tion band that leads to fast interband relaxation. If
an Auger-type recombination mechanism process
takes place for the interband relaxation, then after
the excitation pulse, highly excited electrons are
present within the conduction. These electrons have
an average excess energy above the Fermi level,
which is equal to the exciting photon energy as the
holes in the d band have already been filled by the
initial electron—electron scattering.25%260 In the case
of gold thin films, a typical electron—phonon relax-

ation process occurs within a few pico-
seconds.259’26°’402’419

The effect of size on the electron—phonon coupling
can be directly analyzed by measuring the transient
optical response of metal nanoparticles. In the nano-
particle, the reduction in the size and dimensionality
of the material introduces new boundaries at the
surface. Enhanced electron-surface scattering?442
could also be important for the energy relaxation of
hot electrons. The relaxation dynamics in these zero-
dimensional dots could be further altered by the
reduction in the density of electron and phonon
states. The bulk band structure of the nanoparticles
is well-developed in the size range of 10—100 nm gold
nanoparticles.?”26° Compared with the thermal en-
ergy, the average energy spacing between adjacent
energy levels within the conduction band is small.
Thus, quantum size effects in the relaxation dynam-
ics are expected to occur only in very small gold
clusters, which lack intense plasmon absorptions.
The presence of a well-developed plasmon band can,
however, be very advantageous in following the
optical response of excited metal nanoparticles.426-449
For a 20 nm gold nanoparticle with ~200 000 atoms,
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a transient broadening of the surface plasmon ab-
sorption results in a bleach at the plasmon absorption
band maximum with two positive absorption features
at higher and lower energies. The rate of the bleach
recovery directly monitors the rate of the electron—
electron, electron—phonon, and phonon—phonon dy-
namics.259-260

6.1.2. Theoretical Modeling of the Transient Optical
Response

Theoretically, the changes in the real ¢; and
imaginary ¢, parts of the complex dielectric func-
tion induce the broadening of the plasmon
band.405408,409,430,447,448 For continuous-wave thermo-
modulation experiments, the changes in ¢; and ¢ are
related to the changes in the electron distribution
function.*%451 In the constant-matrix approximation,
the change in € is given by the equation?®®

1
Ae, O e J'DE,hv)Ap dE (31)

where D(E, hv) is the joint density of states of the
final state with respect to the energy E*° and Ap
denotes the change in the electron distribution, f. The
change (Ap) in the electron distribution for a ther-
malized electron gas is calculated from the difference
between the two Fermi electron distributions at room
temperature and at a higher temperature after laser
excitation. A given change in Ap in the electron
distribution corresponds to a Aes. The change Ae; in
the real part of the dielectric constant is then
computed from Ae¢s using the Kramers—Kronig rela-
tionship34®

hv' Aey(hv)

2
Aer(w) = 2p| [ Aey)
iy L~

T

d(hv)|  (32)

where P denotes a Cauchy principal value integral
that extends over the whole frequency range.

The differential transmission AT/T of the gold
nanoparticles at low excitation levels is approxi-
mately equal to the change in absorption and can be
expressed as%?

AT _ o(InT)
T 0€;

6(111T)A

Aey + oe,

€, (33)

The coefficients of proportionality can be calculated
using the theoretical expression for the plasmon band
absorption. This model has been used successfully in
describing the optical response of metal nanoparticles
excited by an ultrashort laser pulse.259260,430,447,448

6.1.3. Electron—Electron Thermalization in Gold
Nanoparticles

Using pump—probe laser spectroscopy (transient
absorption, transmission, or reflectivity), the thermal
response of an excited sample, expressed as temper-
ature changes, can be obtained from the optical
changes induced by the pump pulse. Fermi—Dirac
statistics describe the electron distribution within the
conduction band of the metal after a rapid internal
electron relaxation.?*® Each Fermi electron distribu-
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Figure 71. Electron—electron thermalization in spherical
gold nanoparticles. The plasmon bleach recovery of 22-nm
gold nanoparticles probed at 530 nm is plotted against a
logarithmic scale. Reprinted with permission from
Annual Reviews in Physical Chemistry (http:/
www.AnnualReviews.org), ref 260. Copyright 2003 Annual
Reviews.

tion is associated with an electronic temperature.
Therefore, the electronic temperature can be used to
follow the energy relaxation of the electron gas into
the lattice motion, as will be discussed in the follow-
ing section,259,260

Shown in Figure 71 is the kinetic bleach recovery
trace recorded for 22 nm gold nanoparticles at 530
nm after excitation with 800 nm femtosecond laser
pulses.?60448 Tf the long-time component of phonon—
phonon interactions is neglected, a single-exponential
decay should be obtained due to electron—phonon
scattering. However, due to the nonthermal electron
distribution, deviations at early times are clearly
visible.#1? The bleaching of the plasmon band is less
intense for a nonthermalized than for a thermalized
electron distribution, which is consistent with the
calculation of the transient absorption spec-
trum., 260,409,448

The electron thermalization time is on the scale of
<500 fs259-260448 gnd is much longer than a scattering
event involving only two electrons, which is on the
order of 10 fs according to the Fermi-liquid theory,*>2
because it requires all of the electrons to scatter with
each other to reach a Fermi distribution. The effect
of these processes on the transient absorption spectra
is rather small (compared with theoretical results)
and only detectable at low pump powers,*8 because
the processes of electron—electron, electron—phonon,
and phonon—phonon scattering are not really se-
quential but overlapping processes. Before an equi-
librium Fermi electron distribution can be fully
established via electron—electron scattering, electron—
phonon coupling occurs.259,260:448

6.1.4. Electron—Phonon Relaxation in Gold Nanoparticles

Figure 72 shows the steady ground-state absorp-
tion (top half with positive absorption) and transient
absorption spectra (bottom half with negative ab-
sorption, thus bleach) of 15 nm gold particles at
different delay times after the excitation pulse of 400
nm.?® Compared with the ground-state absorption,
a bleach and two positive absorptions in the transient
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Figure 72. Steady-state absorption and transient absorp-
tion spectra of 15-nm gold nanoparticles after excitation
with 400-nm laser light. The series of spectra corresponds
to different delay times between the pump and probe
pulses. Reprinted with permission from ref 259. Copyright
2000 Taylor and Francis.

spectrum (difference spectrum) is observed due to a
broader but less intense plasmon absorption at a
higher electronic temperature after laser excitation.
The plasmon band bleaches at its maximum, corre-
sponding to a higher transmission of light of the
excited solution. Two weaker absorption bands are
also visible at lower and higher energies than the
plasmon band maximum,426-428446-448 which is at-
tributed to a broadening of the surface plasmon
resonance at higher electronic temperatures.

The optical response is independent of the excita-
tion wavelength.?59.260.448 At 400 nm or shorter wave-
lengths than the plasmon absorption, interband
transitions from the d band to above the Fermi level
are excited. Excitation at the plasmon resonance
causes the oscillation of the conduction electrons and
the collective excitation of all the conduction elec-
trons. This could be regarded as intraband transi-
tions, which are also excited to the red of the plasmon
band. All of these excitation processes result in
heating of the electron gas.259:260.448

After the thermal equilibration is established, the
laser-induced optical changes decay via electron—
phonon scattering between the electrons and the
lattice.259,260.427.430,446 The absorbed laser energy is
then released to the surrounding medium by phonon—
phonon interactions.4?7430446 The electron—phonon
and phonon—phonon relaxation times can be ob-
tained by measuring the bleach recovery as a function
of time as shown in Figure 73. The transient signal
is most sensitive at the wavelength of 520 nm,
coinciding with the plasmon band bleach maximum.
The plasmon bleach recovery can be fitted to a
biexponential decay function with relaxation times
of about 3.4 and 100 ps, corresponding to the electron—
phonon interactions and the energy relaxation of the
hot lattice via phonon—phonon interactions to the
surrounding medium, respectively.259260.446 At 480
nm, the signal first shows absorption and then
bleaches at later times, which is explained by a red
shift of the plasmon resonance due to a volume
expansion of the hot particles and, hence, a lower
electron density and lower plasmon frequency.25%260:430
At 550 nm, the transient absorption signal changes
from a bleach into an absorption at a comparable
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Figure 73. Temporal evolution of the plasmon bleach
spectra at certain wavelengths: (&) 480 nm; (O) 520 nm;
(O) 550 nm. Reprinted with permission from
Annual Reviews in Physical Chemistry (http:/
www.AnnualReviews.org), ref 260. Copyright 2003 Annual
Reviews.
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Figure 74. Transient absorption data obtained for 60 nm
diameter Au particles (solid line) and signal calculated with
a distribution of cosine functions with frequencies and
weights determined by the measured size distribution of

the sample (dashed line). Reprinted with permission from
ref 432. Copyright 1999 American Institute of Physics.

time delay of ~10 ps, resulting from a red shift and
the narrowing of the plasmon bleach.259-260

A 5—-20 ps periodic oscillation of the transient
absorption signal as shown in Figure 74 is found at
a longer wavelength than the plasmon band maxi-
mum,259.260.432 Thege oscillations result from the low-
frequency acoustic breathing modes of the hot nano-
particles, which are excited by the rapid heating of
the particle lattice after laser excitation as suggested
by del Fatti et al.#4%44! and Hartland et al.#31432
Because of the excitation of these modes, the volume
of the nanoparticles periodically increases and de-
creases, leading to a shift in the plasmon band
maximum as the free-electron density changes with
the volume, because a volume expansion causes a
drop in the free-electron density and a red shift of
the plasmon, whereas volume contraction has the
opposite effect. The frequencies of the acoustic modes
are inversely proportional to the nanoparticle ra-
dius‘431,432,440,441

Physically, the transient behavior of the plasmon
band broadening is also associated with a faster
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Figure 75. Transient absorption spectra of 15-nm gold
nanoparticles after excitation at 400 nm with 100-fs laser
pulses recorded at different delay times. The left inset
shows the decrease in the bleach line width with increasing
delay time. The line width was obtained by fitting a
Lorentzian function (—) to the experimental spectra (O).
The right inset illustrates the decay of the transient bleach
signal monitored at 2.38 eV. Reprinted with permission
from ref 259. Copyright 2000 Taylor and Francis.

225 230 2

dephasing time (7T%) of the coherent plasmon oscilla-
tion.#267428 At higher temperatures, the occupation of
higher electronic states leads to an increased electron
scattering rate*®? and thus to an increased damping
of the plasmon oscillation. For gold nanoparticles
embedded in a sol—gel matrix, an increase by 120
meV in the plasmon bandwidth was found, and for a
hot electron distribution at 4000 K, an average
electron—electron scattering rate was calculated to
be (10 fs)~! by Perner et al.4?”

Figure 75 shows the decay of the transient plasmon
band broadening following the same kinetics as the
decay of the bleach intensity for 15 nm gold nano-
particles. This was concluded from transient absorp-
tion spectra obtained with excitation at 400 nm with
100 fs laser pulses at different delay times. The line
width decays with a lifetime of 4.8 ps, whereas the
plasmon bleach intensity at its maximum (2.38 eV)
decays with a lifetime of 4.3 ps.

6.1.5. Shape and Size Dependence on the
Electron—Phonon Relaxation Rate

Figure 76 shows the transient absorption and
steady-state absorption spectra of gold nanorods with
a mean aspect ratio of 3.8. The spectra were recorded
at a delay time of 6 ps after excitation with 100 fs
laser pulses having a center wavelength of 400 nm.
Both the transverse and longitudinal surface plas-
mon bands are bleached due to a hot electron gas.*4°
The bleach of the two bands and the positive absorp-
tion around 600 nm are consistent with a broadening
of these bands. The magnitude of the bleach is less
pronounced for the longitudinal plasmon band than
for the transverse plasmon band, which is evaluated
by comparing the intensity ratio of the two bands in
the transient absorption spectrum with that for the
steady-state spectrum.25%260

Because increased electron-surface scattering is
thought to be responsible for the plasmon band
broadening in the intrinsic size region, femtosecond
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Figure 76. Optical response of gold nanorods after excita-
tion with a femtosecond laser pulse. Transient absorption
(—) and steady-state absorption spectrum (---) of gold
nanorods with a mean aspect ratio of 3.8 are shown. Both
spectra are scaled to arbitrary units. The transient absorp-
tion spectrum was recorded at a delay time of 6 ps after
excitation with 100-fs laser pulses having a center wave-
length of 400 nm. Reprinted with permission from ref 259.
Copyright 2000 Taylor and Francis.
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Figure 77. Size and shape dependence of the electron—
phonon relaxation time. Plasmon bleach recovery was
measured for 48- and 15-nm gold nanoparticles and for the
transverse and longitudinal modes of gold nanorods with
an average aspect ratio of 3.8 (from top to bottom).
Reprinted with permission from ref 250. Copyright 2000
Taylor and Francis.

transient absorption experiments are carried out to
determine whether electron-surface collisions are
mainly inelastic and contribute effectively to energy
relaxation. With a mean free path of ~40—50 nm in
gold and silver,?*® the measured electron—phonon
relaxation time should increase with decreasing
particle radius if electron-surface scattering becomes
an important relaxation pathway for small particles.
Figure 77 shows the plasmon bleach recovery mea-
sured for 48 and 15 nm gold nanoparticles in com-
parison to the bleach recovery of the transverse and
longitudinal modes of gold nanorods with an average
aspect ratio of 3.8 (top to bottom). The laser pump
power and optical densities of the samples at the
excitation wavelength were adjusted to induce com-
parable initial electron temperatures by the exciting
femtosecond laser pulse to ensure the measured
relaxation times can be directly compared with each
other. For 48 and 15 nm gold nanoparticles, no
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significant difference in the electron—phonon relax-
ation dynamics can be observed, 259260448 and the
relaxation dynamics appear to be independent of the
particle shape and the specific plasmon band excita-
tion mode (transverse or longitudinal mode).259:260:449
The electron-surface scattering as a dominant energy
relaxation pathway was excluded from these experi-
ments and other studies and on other metal nano-
particles such as silver nanoparticles.432:439:447

In other experiments, however, contradicting re-
sults were also observed.438441.453-455 For example, a
size dependence was found by Smith et al. in the
comparative study of 15 nm gold nanoparticles with
small Aui; and Auss clusters.*3® The electron—phonon
coupling decreases and the electron-surface scatter-
ing increases as the nanoparticle size decreases.
Furthermore, enhanced electron-surface scattering
was found for tin, gallium, and silver nanoparticles
as the size of the particles decreased*41:453-455 from
>10 to <1 nm.

The difference in the size dependence of the elec-
tron—phonon relaxation in different metallic nano-
particles was explained by Hodak et al. by the
contribution of the electron-surface coupling constant
to the total (bulk) coupling constant.*?674%% In gold
nanoparticles as small as 2.6 nm, the excitation of
capillary and acoustic surface modes by the scatter-
ing of the electrons with the particle surface is
calculated to account for <10% of the electron energy
loss. The ratio of the electron density to the metal
density in a specific metal determines the relative
magnitude of the electron-surface coupling constant
compared with the total electron—phonon coupling
constant. In nanoparticles consisting of heavy atoms
such as gold, the excitation of surface vibrations is
suppressed as the electrons scatter rather elastically.
In nanoparticles made of lighter atoms, a size-
dependent energy relaxation becomes possible via
electron-surface interactions with more valence elec-
trons contributing to the conduction band and smaller
atomic mass.*?¢

6.1.6. Pump Power Dependence of the Electron—Phonon
Relaxation Rate

The electron—phonon relaxation times are pump
power dependent?*29-430:447.448 55 demonstrated in Fig-
ure 78.259:260,448 The measured lifetimes increase from
1.5 to 3.6 ps as the pump power increases from 50 to
160 nd. With increasing pump power and, hence,
increasing electron temperature, the electron—phonon
relaxation time increases.*2%-430:447.448 However, the
effective rate constant [g/C¢(T.)] of the thermal
relaxation of the electron gas (dC/dT.) is temperature
dependent, because the electronic heat capacity
depends on the electron temperature (C, O T.).34
From a plot of the measured electron—phonon relax-
ation times versus power, the electron—phonon cou-
pling constant can be obtained,*??43° which compares
well with the value measured for bulk gold films.40%

6.2. Nonradiative Relaxation in Semiconductor
Nanostructured Systems

Time-resolved nonlinear optical spectroscopy is a
powerful tool for studying the energy structures and



Chemistry of Nanocrystals of Different Shapes

"y

02

2 A

3
= J
©
g , increasing
© -06 p electron-
c 3
g 80 nJ phonon

+ 100 nJ || relaxation

-O.B—
< 160nJ |1 times

time / ps
Figure 78. Pump power dependence of the electron—
phonon relaxation time in gold nanoparticles. The plasmon
bleach recovery of 15-nm gold nanoparticles is probed at
520 nm after excitation at 400 nm with laser pulses of
various energies. Reprinted with permission from ref 259.
Copyright 2000 Taylor and Francis.

carrier dynamics in bulk and low-dimensional
materials.?294597462 In nanoparticles, state-filling and
Coulomb multiparticle interactions (the carrier-
induced Stark effect) primarily cause resonant optical
nonlinearities.*??460 State-filling leads to bleaching
of the interband optical transitions involving popu-
lated quantized states proportional to the sum of the
electron and hole occupation numbers. If the linear
absorption spectrum of nanocrystals is expressed as
a sum of separate absorption bands corresponding
to different quantized optical transitions, the induced
absorption changes (Aa) can be expressed as

Aatho) = =y a,Githo — fw)nf + nh  (34)

where G;(hw — hw;) is the unit-area absorption profile
of the Aw; transition, a; is the transition area (pro-
portional to its oscillator strength), and n¢ and n"
are occupation numbers of electron and hole states
involved in the transition, respectively. The occupa-
tion numbers can be found using the Fermi distribu-
tion function under thermal quasi-equilibrium after
the intraband relaxation is finished.32%4597462 After
the electrons and holes are excited far from the
equilibrium, both will return to the ground state after
radiative and nonradiative relaxations, via carrier—
carrier (electron—electron, hole—hole, and electron—
hole), carrier—phonon, and phonon—phonon interac-
tions. In the following, the carrier relaxation dynamics
will be focused on the systems of nanoparticles,
because detailed reviews regarding the carrier re-
laxation dynamics in quantum well systems have
already been conducted.*62

6.2.1. II-VI Semiconductor Systems

6.2.1.1. Nonradiative Relaxation by Pump—
Probe Technique. The carrier relaxation dynamics
in semiconductor nanomaterials have been studied
extensively by different research groups.329:462-465
Very good reviews on this topic have been written
by V. I. Klimov, J. Z. Zhang, and A. J. Nozik over
the past few years.3294627464 In these studies, the
pump—probe technique is a common method used in
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exploring the carrier relaxation dynamics in these
systems.329-4627465 Tn a typical pump—probe experi-
ment, the sample is excited by an ultrafast narrow
laser pulse and is probed with a continuous band
(usually white light) laser pulse. The absorption
change is monitored as a function of the delay time
between the excitation and the white light pulses.
This provides information about the relaxation of the
excited states or that of the excited electrons and
holes.329-4627465 Tp the II-VI semiconductor nanopar-
ticle system, CdSe nanoparticles are the most exten-
sively studied materials,32%465-475 and the review will
focus on this system to elucidate the general relax-
ation process and phenomena in similar semiconduc-
tor nanoparticles.

The absorption changes in the visible and UV
regions due to state-filling are dominated by elec-
trons,*’® because the occupation probabilities of elec-
tron states are much greater than those of the
coupled hole states at room temperature. This is due
to the degeneracy of the valence band and the large
hole to electron mass ratio (in CdSe, my/m. = 6),
which makes the hole populations spread over many
adjacent levels by thermal distribution. The ex-
tremely fast depopulation of the initially excited
valence-band states [sub-picosecond to picosecond
(ps) time scales] further reduces the role of holes in
transitions’ bleaching.329474.477

The local fields generated by photoexcitation of
carrier populations lead to a shift of optical transi-
tions and changes in transition oscillator strengths
due to the Stark effect (specified as follows), caused
by Coulomb interactions between one or several e—h
pairs excited by the pump pulse and the e—h pair
generated by the probe pulse.3?° Unlike state-filling,
which selectively affects only transitions involving
populated states, the carrier-induced Stark effect
modifies all transitions and comes into play when
charge separated e—h pairs are formed.321:478

The early-time TA spectral shape of CdSe nanoc-
rystals, taken at low pump intensities corresponding
to initial populations [INo[of fewer than one e—h pair
per nanoparticle on the average, is similar to that
of the second derivative of the absorption
spectra.329478=480 The carrier-induced Stark effect is
manifested both as bleaching features (Ao < 0) at
the positions of the steady-state transitions and as
photoinduced absorption (PA) features (Ao > 0) at
the positions of the new (shifted) transitions in TA
spectra.??® The contribution of state-filling to band-
edge signals at At < 100 fs is not significant.??® As
the time At increases, the carriers relax into low-
energy quantized states, leading to increasing con-
tribution from state-filling to the band-edge absorp-
tion changes.??® The 0.1 ps TA spectrum is entirely
due to the carrier-induced Stark effect, and at 0.5 ps,
the bleach of the 1S and 1P electron states increases
due to increasing population or an increased state-
filling effect. After the time of the electron relaxation
into the 1P state delayed by ~400 fs, the bleach of
1P decreases due to relaxation of the 1P electrons
into the lower 1S state and the bleach of 1S is further
enhanced.32%475
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6.2.1.2. Pump Dependence of Band-Edge
Bleaching Signals. After the high-energy relaxation
is complete and the 1S electron state is populated,
the bleaching of the 1S state can be attributed to both
the Stark effect and state-filling. If only one electron
occupies the 1S state, the state-filling process com-
pletely saturates one of the two spin-degenerate 1S
transitions, whereas the absorption changes for the
unpopulated transition are due to the Stark effect.
State-filling-induced signal within the 1S and 2S
transitions estimated from the product of the popula-
tion factor nis® = [INy[/2 and o, indicates that state-
filling provides a dominant contribution to Aa.3%?

In the pump-dependent TA spectra, the relative
contribution of state filling to transitions bleaching
increases as the average nanocrystal population
increases.??® PA features due to Stark effect can be
observed in the spectrum taken at [Ny = 0.9,
whereas bleaching is observed over the entire spec-
tral range at pump levels above [Ny[1> 2. The pump-
dependent Aad spectra were fitted to a sum of four
Gaussian bands, with the positions and the widths
of the bands derived from the linear absorption
spectrum. The transitions areas were presented as
a; = p,ao;, where ag; are the areas of transitions in
the linear absorption spectrum and p,(INO) are “satu-
ration” coefficients describing the pump-dependent
transition bleaching. In terms of the state-filling
model, these coefficients account for the population
factors as follows:

p;=n; +n? (35)

The pump-density dependences for p; and ps are
almost identical, as expected for the 1S and 2S
transitions due to a population increase of the same
1S electron state. The p3 shows a delayed growth with
the onset at ~2 as expected for the filling of the 1P
electron level. The growth of p4 is further delayed
(onset at ~5), and this indicates the beginning of the
filling of the next (1D) electron level .32 A good match
of the pump dependence of the normalized saturation
coefficients p; and ps was found with pump-depend-
ent occupation numbers of the 1S and 1P electron
states calculated within the state-filling model.??° The
bleaching of nanocrystal transitions involving oc-
cupied states is primarily due to state-filling by
populating of electron quantized states. The sequen-
tial filling of electron shells in QD artificial atoms is
analogous to filling of electron orbitals in atoms of
natural elements.??°

The pump dependence of the normalized 1S ab-
sorption changes for nanocrystals of different sizes
as shown in Figure 79. The spectrum measured
immediately after the intraband relaxation is com-
plete (At from 1 to 2 ps) and is normalized with 1S
absorption changes and can be fitted to the equa-
tion329

with 21 = 1.05 + 0.15 and k2 = 1.6 + 0.3,! which
allows the accurate determination of instant nano-
crystal populations as derived from the measured Ao
dynamics.3%°
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Figure 79. Pump dependence of normalized 1S absorption
changes for NCs of different sizes (symbols) fit to the
universal pump dependence —Ao/ay = k1 [INg[Aks + [INoD,
with £, = 1.05 and k3 = 1.6 (line). Reprinted with permis-
sion from ref 329. Copyright 2000 American Chemical
Society.
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Figure 80. (a) Absorption spectrum of the CdSe NP
solution showing an onset of absorption at 600 nm. The
lowest energy transition is found at 560 nm. (b) Excitation
leads to a bleaching of the absorption spectrum. The bleach
intensity of the lowest exciton transition (560 nm) depends
on the excitation power. In our experiment, for 0.8 uJ per
pulse, half of the absorption is bleached at a delay time of
400 fs. (c) Saturation of the bleaching occurs between 1 and
2 ud excitation power. Reprinted with permission from ref
465a. Copyright 2002 American Institute of Physics.

In nanocrystals, the bleaching at room temperature
induced by state-filling is primarily due to electron
populations.??® In a simple two-level system, both
electrons and holes contribute to the 1S bleaching
when the 1S optical gain is at N[> 1.47* However,
no crossover from absorption is shown to gain at the
position of the 1S transition. The maximum Aa
measured experimentally corresponds to the com-
plete bleaching of the 1S transition (Aa =~ o), for the
case of only electrons contributing to the state-filling-
induced signals.*™

In some other pump—probe experiments, the CdSe
nanoparticles were pumped at high energies and
probed from the visible to the infrared.*®> Figure 80
shows the absorption and bleaching spectra of CdSe
nanoparticles 4.5 nm in diameter.#%> The bleach
spectrum at 400 fs delay time after 400 nm excitation
reflects the bleaching of the lowest energy transi-
tions. The bleaching of the lowest energy transitions
increases as the pump power increases and levels off
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at certain pump power (1.5 ud), which is consistent
with the previous analysis.6°

6.2.1.3. Nanocrystal Size Dependence on In-
traband Relaxation Rates. In bulk II-VI semi-
conductors, fast (typically sub-picosecond) carrier
cooling dynamics is observed, which is dominated by
the Frhlich interactions with longitudinal optical
(LO) phonons.329481.482 Tn nanocrystals, the carrier
relaxation mediated by interactions with phonons is
hindered dramatically because of restrictions im-
posed by energy and momentum conservation leading
to a phenomenon called a “phonon bottle-
neck” 308:329462,483,484 For example, reduction in the
energy loss rate is expected in the regime of strong
confinement because the level spacing can be much
greater than LO phonon energies; hence, carrier—
phonon scattering can occur only via weak mul-
tiphonon processes.308,329,462,483,484

However, a number of recent experimental results
indicate that carrier relaxation in II-VI nanocrystals
is not significantly slower than that in bulk materi-
als.329,462,477,478,485486 T CdSe nanocrystals, strong
evidence against the existence of the phonon bottle-
neck was found in the sub-picosecond 1P-to-1S elec-
tron relaxation even in samples where the 1S—1P
energy separation is >10 LO phonon energies.32%473-47
The decay of the 1P bleaching and the complemen-
tary growth of the 1S bleaching provide a measure
of the rate of the 1P-to-1S energy relaxation, for

example, with a 540 fs time constant for 4.1 nm
NCs,329.473-475

Intraband relaxation becomes more rapid with
decreasing nanocrystal size, where the 1S state
population dynamics in nanoparticles of different
radii show a linear decrease in the 1S buildup time
with decreasing nanoparticle radius, from 530 fs for
R = 4.1 nm to 120 fs for R =1.7 nm.??° The energy
relaxation rate (dE./d¢) is size-dependent in nano-
crystals and rapidly increases (roughly as R~2%) with
decreasing particle size. In nanoparticles, the energy
loss rate is greater than the rate expected for a
multiphonon emission.??°

6.2.1.4. Electron—Hole Interactions and Intra-
band Energy Relaxation. Energy relaxation in
nanoparticles is dominated by nonphonon energy-loss
mechanisms, such as Auger-type e—h energy-transfer
processes, which is based on the extremely fast
electron relaxation as well as a confinement-induced
enhancement in the relaxation process.??° Auger-type
e—h energy transfer involves transfer of the electron
excess energy to a hole with subsequent fast hole
relaxation through its dense spectrum of states based
on the intrinsic Auger-type e—h interactions and
leads to significantly faster relaxation times than
those for the multiphonon emission.*8”

In three-pulse femtosecond TA experiments,??° the
carrier relaxation is affected by the surface of the
nanoparticles because electron and hole wave func-
tions in nanoparticles are strongly affected by nano-
crystal surface properties. The sample is excited by
a sequence of two ultrashort visible and infrared (IR)
pulses and probed by broad-band pulses of a femto-
second white-light continuum.??° The visible inter-
band pump is used to create an e—h pair in the
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nanocrystal, whereas a time-delayed intraband IR
pump is used to re-excite an electron within the
conduction band. Electron intraband dynamics for
different delays between the visible and the IR pump
pulses were monitored. The electrons generated
directly in the lowest quantized 1S state remain in
this state until they are re-excited by the IR pulse.
However, holes initially populating the excited 2Ss/»
state rapidly relax due to transitions into lower
energy quantized states inside the nanocrystal or due
to charge transfer to a capping group. By varying the
IR re-excitation time, the effect of modification in the
hole wave function (during hole relaxation/transfer)
on electron intraband dynamics can be evaluated.??°
In ZnS-overcoated nanocrystals, the 1P-to-1S relax-
ation is extremely fast (320 fs time constant) for all
Atr delays from 100 fs to 1 ps, but in the case of
pyridine-capped nanocrystals, the electron dynamics
show a strong dependence on the delay between
visible and IR pulses. At Atig = 70 fs, the relaxation
constant is 250 fs, similar to that in the ZnS-capped
particles. By increasing the visible—IR pump delay,
the time for the electron to relax gradually increases
to 3 ps at Afig = 430 fs. A further increase in Aég
does not lead to significant changes in electron
intraband dynamics.??® In CdSe nanoparticles pas-
sivated with pyridine, an efficient hole acceptor, the
electron intraband relaxation is strongly affected due
to the e—h interactions, because the e—h coupling is
strong immediately after photoexcitation and is
reduced dramatically after the hole is transferred to
a capping group.?? The threshold delay of roughly
400 fs found in the three-pulse experiments is very
close to the hole-transfer time to a capping molecule
inferred from visible TA measurements of pyridine-
capped nanocrystals.32%470 The pyridine cation (formed
by hole transfer) is observed in the TA spectra as a
long-lived broad PA band below 2.5 eV and has a rise
time of ~450 fs. In ZnS-capped samples, the holes
are confined within the dot during the first 600 fs
after excitation,3??4™ and the e—h coupling changes
significantly. In pyridine-capped nanocrystals, the
e—h coupling is strong immediately after photoexci-
tation and significantly smaller after the hole trans-
fers to the pyridine, inducing the >10-fold slowing
in the electron intraband relaxation.??°

These observations are consistent with the electron-
relaxation mechanism involving Coulomb-interac-
tion-mediated e—h energy transfer.*8” Although the
above results on well-capped nanoparticles could be
successfully discussed in terms of lowest electron and
hole coupling mechanism, one must always be aware
of the surface involvement in the relaxation of hot
electrons in these small nanoparticles. First of all,
small nanoparticles will always have their excited
electrons with a nonvanishing amplitude at the
surface. Second, it is difficult to synthesize these
nanocrystals with surfaces that are free of surface
states, trapping sites, and large organic molecules as
capping material that could act either as an electron
acceptor or as an excellent heat bath. The hotter the
electron is in a nanoparticle, the larger its amplitude
is at the surface and the more probable its relaxation
or capture is by the surface. Recently, a number of
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Figure 81. Femtosecond time-resolved kinetic traces that
describe the response of the visible bleaching (570 nm probe
wavelength, a), the IR (4.8 um, <), and the NIR (1960 nm,
@) after excitation with 0.8 uJ at 400 nm. In this repre-
sentation it becomes evident that the bleach (which actu-
ally is a negative signal) and the IR transient absorption
occur on the same time scales (2 and 30 ps) and could be
due to the same decay process. On the other hand, the NIR
transient absorption seems to describe an independent
event with a fast time constant of 1.2 ps. Reprinted with
permission from ref 466a. Copyright 2001 American Chemi-
cal Society.

observations such as the dependence of the hot
electron relaxation rates on size, shape, and excita-
tion energies could be discussed in terms of the
calculated hot electron density on the surface of the
nanoparticles.%!

6.2.1.5. Electron and Hole Relaxation Paths in
Nanocrystals. 6.2.1.5.1. IR-Pump Probe Technique.
Intraband relaxation leads to a fast establishment
of quasi-equilibrium populations of electron and hole
nanocrystal quantized states. Besides the radiative
mechanism, depopulation of these states occurs via
a variety of nonradiative mechanisms, including
carrier trapping at surface/interface states and Auger
recombination.??® In CdSe nanocrystals, the 1S bleach-
ing decay shows two distinct regions with a relatively
fast sub-100 ps relaxation due to trapping at surface
defects and due to slower nanosecond decay. The
amplitude of the fast component is sensitive to the
degree of surface passivation. The improvement in
surface passivation leads to the suppression of the
fast decay component, where the repaired electron
traps are likely associated with metal dangling
bonds.3?? Separation of electron and hole signals is
achieved using intraband TA spectroscopy with an
IR probe tuned in resonance with either electron or
hole intraband transitions.*™448° In the near-IR range
from 0.4 to 1 eV, intraband TA of CdSe nanocrystals
can be attributed to electron and hole intraband
absorptions.32%473474 The hole intraband transitions
are at much lower energies due to higher density of
states and small energy separation. The fast hole
relaxation is independent of surface properties and
is likely due to relaxation into intrinsic nanocrystal
states.3?°

6.2.1.5.2. Electron and Hole Quencher Technique.
The dynamics of electron and hole relaxation pro-
cesses can be investigated using the technique of
electron and hole quenching.*662 Figure 81 shows
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Figure 82. Kinetic behavior of the bleach as monitored
at 570 nm for CdSe nanoparticles without the addition of
quenchers (M). The decay times are fitted to be 2 and 30
ps. After addition of benzoquinone (BQ), the bleach decay
(O) is accelerated to a monoexponential decay with a 2.7
ps lifetime. A weak off-set is observed for lower BQ
concentrations, which is probably due to NPs that do not
undergo electron transfer. Addition of 4-aminothiophenole
(TP) extends drastically the lifetime of the bleach (<) due
to hole trapping and elimination of electron traps. The
time-resolved spectra in the visible spectral range are
shown inset (b). The bleach maximum is reached after 200
fs at 560 nm. Reprinted with permission from ref 466a.
Copyright 2001 American Chemical Society.

three transient signals measured in the visible, NIR,
and IR range after identical excitation conditions
(excitation with 400 nm pulses of 0.8 udJ energy). The
dynamics of the bleaching at 560 nm and the tran-
sient absorption at 4800 nm are very similar with
time constants of 2 and 30 ps. The NIR signal decays
much more quickly (1.2 ps) and is therefore assigned
to a different process.*66

Figure 82 shows the dynamics of the bleach after
CdSe nanoparticles were excited with 400 nm fem-
tosecond laser pulses.®%2 The inset shows the result-
ing bleach which monitors the population of the
lowest excitonic states. The population reaches its
maximum at 560 nm after excitation for 200 fs. The
bleach signal of CdSe nanocrystals (squares) was
found to decay with three components (2, 30, and
~200 ps).466

By selectively and rapidly removing either the
electron or the hole from the photoexcited nanopar-
ticle (NP), the electron or hole relaxation can be
distinguished from the bleach signal, respectively.468
In these experiments, benzoquinone was chosen as
the electron acceptor (electron quencher, BQ) and
4-aminothiophenol as the electron donor (hole quench-
er, TP). The addition of benzoquinone (BQ) to a
colloidal solution of CdSe rapidly removes the elec-
trons from the conduction band of the photoexcited
NP and forms a short-lived charge-transfer complex
that monoexponentially decays with a lifetime of 2.7
ps.*8 The repopulation of the ground state is thereby
rate limited by the lifetime of the NP*BQ~ charge
transfer (CT) complex. Because the lifetime of the CT
state is 2.7 ps, the excited-state lifetime of the CdSe—
BQ conjugate is actually drastically shorter than that
of the CdSe NPs. BQ removes the excited electron
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Figure 83. Relaxation dynamics of the transient absorp-
tion observed at 1960 nm in the NIR. The CdSe NP without
quencher and the CdSe NP—BQ conjugate show the same
relaxation dynamics with a 1.2 ps decay time. Therefore,
it is likely that the transient is due to the relaxation of
the hole. Indeed, the addition of hole quencher (TP) reduces
the lifetime to 850 fs, which supports the assignment to a
hole transition. Reprinted with permission from ref 466a.
Copyright 2001 American Chemical Society.

very efficiently and acts like an additional electron
trap.

The curve denoted BQ (circles) shows the bleach
dynamics after fast removal of the electron. After
depopulating the conduction band edge and forming
the CT state, the spectral bleach at 560 nm is still
observed in the time frame of 200 fs to 2.7 ps until
the CT state decays.*68 Therefore, the photoexcitation
of an electron and its removal from the band edges
cause bleaching. When lower concentrations of BQ
were used, incomplete quenching was observed due
to incomplete conjugation of the NPs with BQ.468

On the other hand, the addition of the electron
donor, 4-aminothiophenol, leads to a rapid neutral-
ization of the photogenerated hole in the valence
band and can be considered to be a hole quencher or
hole trap. The addition of TP removes the electron
traps on the nanoparticle surface. The excited-state
lifetime of CdSe NPs was considerably longer when
TP was added, and the bleach lifetime (>1 ns)
exceeds the time window of the femtosecond experi-
ment; this is due to the reduced electron—hole
overlap*®® and the reduced electron surface traps
because of the presence of TP.*8 The dynamics
indicate that the electron, which populates the con-
duction band edge, contributes to the transient
bleach. On the other hand, the removal of an electron,
which leaves back a p-doped NP, shows that the hole
in the valence band also causes part of the overall
bleach in photoexcited samples.466

Figure 83 shows the dynamics of the transient
absorption at 1960 nm.46%2 For the CdSe NP solution
without added quenchers (squares), the transient
absorption is very short-lived, with a 1.2 ps decay
time. The addition of the electron quencher BQ
(circles) does not reduce the lifetime but rather the
intensity by 40% of the original transient. On the
other hand, the addition of TP hole quencher (dia-
monds) reduces the lifetime of the transient absorp-
tion from 1.2 ps to 850 fs and the intensity by 80% of
its original value. These results suggest that the NIR
transient feature is mainly due to the hole.267:338 On
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Figure 84. Relaxation dynamics of the transient absorp-
tion observed at 4.8 um. The CdSe NP sample without
quencher shows transients with 3 and 30 ps lifetimes. The
CdSe—BQ sample relaxes more rapidly with 2.6- and 12-
ps lifetime components. In addition, the long lifetime
contribution is partly quenched for the CdSe—BQ sample
but clearly not quantitatively as was observed for the
visible transient. The CdSe—TP conjugate shows long
lifetimes of 2 and 0.100 ps. Because the excited hole in the
valence band is efficiently neutralized (trapped on the TP),
the transient absorption in CdSe—TP is due to the remain-
ing electron in the valence band. This dynamical behavior
is very similar to the one observed for the bleach at 570
nm. Therefore, the transients are assigned to be mainly
electron transitions. Reprinted with permission from ref
466a. Copyright 2001 American Chemical Society.

the basis of the accelerated transient decay and the
fact that kg = Xk; (the sum of the individual
relaxation processes), the hole transfer to TP (trap-
ping) is estimated to be on the order of &y, ~ 3 x 101
s1, requiring a lifetime of the hole in the valence
band to be 3 ps or longer. Indeed, the quenching
experiments with BQ already suggested that the hole
lifetime is >2.7 ps.466

Figure 84 shows the dynamics of transient absorp-
tion of the CdSe NP sample while probing in the IR
spectral range from 4000 to 5000 nm after 400 nm
excitation.*%%2 For bare CdSe NPs, the transient
absorption decays with 2 and 30 ps time constants.
The electron quencher BQ reduces the long-lifetime
component of the transient from 30 to 12 ps. A clear
quenching of the IR transient is observed, and the
short lifetime component of 2.6 ps appears. However,
the transient absorption does not decay completely
due to trap-state absorption. The addition of TP hole
quencher leads to an extended lifetime. The effect of
the additional quenchers on the monitored IR kinet-
ics is very much like the one observed in the visible
range (except that the observed transient at 4.8 um
is absorption and the transient at 570 nm is bleach).
These quenching experiments suggest that the IR
transient absorption is due to electronic transitions
in the conduction band.*6%

Figure 85 summarizes the electron-transfer dy-
namics when BQ or TP is added to the NP.4662
Possible relaxation pathways are carrier recombina-
tion,287 trapping,336338490 gand population of the spin-
forbidden dark state.32:339 The electron donor TP
extends the initial bleach decay time to nanoseconds
because the hole is efficiently trapped by TP and
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Figure 85. Schematic of the electron relaxation mecha-
nism that takes place after benzoquinone (BQ) is attached
to the CdSe NP surface (left). BQ serves as an electron
shuttle, which pumps the excited electron in <3 ps from
the conduction band back to the hole in valence band. The
thiophenol (TP, right), is a hole trap (or electron donor)
due to its low ionization potential. The hole transfer to TP
is estimated to be on the order of 3 ps, on the basis of the
quenching kinetics. This agrees with the fact that the
lifetime of the hole on the conduction band edge is found
to be longer than the NP*BQ™ lifetime (2.7 ps). Reprinted
with permission from ref 466a. Copyright 2001 American
Chemical Society.

coupling to the hole is reduced. Moreover, the fast
electron surface trapping processes are eliminated.
The electron acceptor BQ accelerates the bleach
decay because additional electron trapping is induced
with the BQ on the NP surface. After removal of the
conduction band electron during the lifetime of the
NP-BQ CT complex (200 fs—2.7 ps), the hole still
occupies the valence band and the ground-state
absorption still bleaches.6® Therefore, the lifetime of
the hole on the valence band edge has to be longer
than the 2.7 ps lifetime of the NP—-BQ CT complex.
Also, the removal of the hole by TP does not recover
the bleach. Therefore, the quenching experiments
with BQ and TP show that it is the electron occupy-
ing the conduction band and the hole populating the
valence band that cause the excited CdSe NPs to be
temporarily bleached, and consequently it needs both
carriers to be removed from the band edges for the
ground-state absorption to be recovered.*68

Overall, the quenching experiments reveal that the
1.2 ps component at 1960 nm is due to an intraband
transition of the hole, which is rate limiting to the
intraband relaxation process of the excited CdSe NPs,
because the electron conduction band relaxation
occurs within 400 fs. The conduction band edge
population by the electron is then found to occur
within 200—400 fs (bleach rise time) when CdSe NPs
are excited at 400 nm. The hole relaxes within 1.2
ps (NIR absorption decay) to the valence band edge
and remains there for >3 ps. At longer times, induced
absorptions are due to trap-state transitions. The PL
occurring on the nanosecond time scale is due to
radiative recombination from trap states. The PL red-
shifts drastically for longer observation times, and
this suggests that a trap-hopping mechanism into
subsequently lower trap states takes place and is
summarized in Figure 86.4662

6.2.1.6. Shape-Dependent Relaxation Dynam-
ics of CdSe Nanoparticles. Shown in Figure 87 are
the TEM images and the absorption of the CdSe
nanodots and nanorods in the study.*%¢* Figure 88
compares the change in the bleach spectrum of the
nanorods with that of the nanodots using the same
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Figure 86. Scheme summarizing the relaxation process
observed by time-resolved transient absorption and pho-
toluminescence spectroscopy in the spectral range from 450
to 5000 nm. The PL decay times are 43 ns, 130 ns, and ~1
us at 580-nm, 1000-nm, and 5-um emission wavelengths,
respectively. Reprinted with permission from ref 466a.
Copyright 2001 American Chemical Society.
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Figure 87. TEM image and absorption spectra of CdSe
nanodot (a) and nanorod (b) solutions. Reprinted with
permission from ref 466b. Copyright 2001 American Chemi-
cal Society.

delay times of 200 fs, 400 fs, 1.2 ps, and 2.4 ps.466P
Within 200 fs, the carriers seem to distribute them-
selves among fewer energy states in the dots com-
pared to the rods. This allows the 1S, — 1S,(%/) (band
gap state at 585 nm) to have a higher population than
the corresponding state in the quantum rods. As the
delay time increases, the dot spectrum does not
change much, whereas in the nanorod spectrum, the
population of the higher excitonic states relaxes
rapidly to the lower states and finally to the band
gap state.

The deconvolution of the bleach spectra at early
time (1 ps)*6% is shown for both the dots and the rods
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Figure 88. Shape-dependent ultrafast electron—hole re-

laxation in CdSe nanocrystals in early time 200 fs—2.4 ps

at the spectral range 440—650 nm. The change in dynamics

over the same spectral range is less pronounced for

nanodots (a) than for nanorods (b). Reprinted with permis-

sion from ref 466b. Copyright 2001 American Chemical
Society.
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Figure 89. Deconvolution of the early time bleach spectra

of CdSe nanorods and nanodots. Reprinted with permission
from ref 466b. Copyright 2001 American Chemical Society.

in Figure 89. The bands of the dots are much broader
than those of the rods (which have very narrow size
distributions) and are deconvoluted into three bands
with energies in agreement with those reported in
the literature.?°®48! In comparison, the rods have
more absorption bands than the dots because in the
dots, there is splitting of the corresponding degener-
ate states.

Figure 90 shows the band gap bleach kinetics of
the CdSe nanorods (blue squares) and nanodots (red
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Figure 90. Comparison between the rise and the decay
kinetics of the CdSe nanorods and nanodots at 585-nm
wavelength (at the band gap) showing that the rise and
decay in the case of nanorods is much slower than that of
the dots. Reprinted with permission from ref 466b. Copy-
right 2001 American Chemical Society.

Table 1. Comparison of the Exciton Relaxation
Dynamics of the Different States in CdSe Nanodots
and Nanorods®

CdSe nanodots

CdSe nanorods

decay times decay times

probe wave- rising rising

length, nm ¢y, ps ¢, ps times, fs t ts, ps times, fs
585 2.05 36.1 ~400 50.0 ps ~1000
575 3.5ps 47.0 ~750
550 2.2 33.0 ~350 4.3ps 43.0 ~540
530 4.1ps 20.0 ~470
515 2.25 28.0 <100 330fs 3.7 <100
500 350 fs 3.1 <100
480 26 219 <100 310fs 2.1 <100

@ The excitation wavelength is 400 nm and the laser pulse
width is 100 fs [466B].

circles); both the rise and decay times are longer for
the rods compared to those for the dots.*6" Table 1
shows a summary of the kinetic results of the rise
and the bleach decay monitored for the different
peaks appearing in the spectra for both the rods and
dots. From the table, the following points are ob-
served: (1) The rise time of the high-energy states
(at 480 nm) is very fast in both particles (within the
laser pulse width of 100 fs). (2) The rise time of the
band gap state is faster in the dots (400 fs) compared
with the rods (~1.0 ps). (3) The decay of the higher
energy state is much faster in the rods compared with
the dots (300 fs vs 2 ps). (4) For the rods, the decay
time becomes longer as the energy decreases (300 fs
for states in the 480—515 nm range, a few picosec-
onds for states in the 530—575 nm range, and 50 ps
at the band gap state). (5) The decay time of the band
gap state (585 nm) is longer for the rods (50 ps)
compared with that for the dots (2.0 or 36 ps). This
might be due to less effective surface trapping in the
rods due to the smaller electron density of the excited
electrons*’! due to its larger surface area.

The fast carrier relaxation dynamics of the higher
energy states in the rods compared with that in the
dots could be explained by the fact that lowering the
symmetry in the rods leads to splitting of the
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degeneracy of the energy levels in the dots. It should
be mentioned that the increase in the density of
states leads to an increase in the relaxation process
involving either electron—phonon or electron—hole
coupling.*8! The smaller the electron energy separa-
tion, the more likely phonons or holes can be found
to accept the released energy and, thus, the faster
the relaxation would be.

6.2.2. I-VIl Semiconductor Systems

The ultrafast charge carrier dynamics has also
been studied on Agl nanoparticles and related sys-
tems.*?2 The electronics relaxation has been shown
to consist of two components (a 2.5 ps and another
component longer than 0.5 ns). In addition, the
relaxation dynamics was found to be independent of
the excitation power. The observed fast decay was
attributed to the trapping and nonradiative electron—
hole recombination, which is dominated by a high
density of trap states, whereas the slow decay was
attributed to the reaction of deeply trapped electrons
with silver cations to form silver atoms. For the AgBr/
AgsS core/shell system, there was a new component
of 4 ps, which can be attributed to a transient bleach
signal due to the Ag,S shell .4

6.2.3. lll-V Semiconductor Systems

The ITI-V semiconductor system, which includes
InP, GaN, and GaAs nanoparticles, has been studied
extensively in the past years.**44%® Hot carrier
relaxation measurement on the InP nanocrystals by
time-resolved photoluminescence and transient ab-
sorption spectroscopy has revealed that increasingly
efficient relaxation with decreasing excitation energy
for the 1S exciton relaxation occurs.944% Addition-
ally, a 1.3 ps relaxation component was found to be
due to a hole relaxation process between VB states
near the band edge. The photoluminescence lifetime
was found to be ~10 ns, and the rise time for the 1S
bleaching was found to be 280 fs. Furthermore, at
least one charge carrier, an electron or a hole, was
found to remain hot or exit the relaxation channel
involving core electronic states in favor of capping
molecule states, thus leading to nonradiative recom-
binations. A bleaching due to higher energy transi-
tions (e.g., 1P) was also observed, which persisted
after charge carrier cooling. Holes cooling to states
lying near the VB edge contributed to the bleaching
of transitions probed by the 1P exciton energy, even
in the absence of electrons occupying the 1P. CB
level. The origin of the bleach signal at early times
is a combination of both state-filling and carrier-
induced Stark effect. The bleach signal of the 1S
transition was similar to that of the 1P transition
with a fast component of 20 ps and a slower compo-
nent of 170 ps. The 1P state relaxed to the 1S state
very quickly at ~1 ps. The hot electron was found to
stay at the 1S state for >300 ps, which was suggested
due to the phonon bottleneck effect. On the other
hand, the excess thermal energy was suggested to
transfer to the hole via an Auger process.

The transient bleaching revealed that the number
of electron—hole pairs reaching the lowest 1S state
was independent of the excitation energy, whereas
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the number reaching the emitting state depended on
the excitation energy. It was found that the number
of electron—hole pairs relaxing to the emitting 1S
state was proportional to the amount of light that is
absorbed. A recent study also showed that for the 1S
relaxation, a biexponential process with 500—750 fs
and 2—4 ps time constants is observed by IR probe
technique.**® A dependence of the relaxation process
on the size of the InP nanocrystals was found. Both
rates increased as the size decreased. Furthermore,
the relaxation in both exciton-confined and charge-
separated nanocrystals was explained by using the
Coulomb electron—hole interactions. A reduction in
the relaxation rate of electrons was found when the
hole was absent or trapped at the surface of the
nanocrystal due to the intrinsic surface state related
to the dangling bonds. The relaxation process has
also been studied on other systems, such as GaAs
nanocrystals.?%0

6.2.4. Group IV Semiconductor Systems

Time-resolved carrier dynamics have also been
investigated in group IV semiconductor nanocrystal
systems, which includes the industrially important
silicon and germanium materials. Transient absorp-
tion spectroscopy studies conducted on ion-planted
Si nanocrystals in SiO; matrix revealed that the
photoinduced absorption spectra exhibited two com-
ponents due to the carrier in the quantized states
(high-energy band) of the Si nanocrystals and the Si/
SiO; interface state (low-energy band).?*! The popu-
lation of the quantized states was short-lived, and it
decays on the sub-10-ps time scale with the latter
attributed to efficient surface trapping. The nonlinear
optical response in an indirect-gap semiconductor
was found to be dominated by the free-carrier ab-
sorption due to intraband transitions, and the relax-
ation in the wave-vector conservation leads to the
enhancement of this process. The red emission was
not attributed to the carrier in quantized states, but
was due to the deactivation of surface traps.?%!

The ultrafast carrier dynamics has also been
investigated on a nanocrystalline silicon thin film
system, where a multicomponent response was ob-
served due to the separate phases of the heteroge-
neous materials.5°2 A 240 fs component of the relax-
ation process was observed and attributed to the
intraband carrier relaxation in the silicon crystallites.
A response characteristic of bimolecular recombina-
tion in the amorphous silicon matrix and a long-lived
component due to the grain-boundary states or
surface states was observed.’2 The dynamics of
excited carrier has been investigated in a silica
matrix by pump—probe technique with a laser dura-
tion of 35 ps, where the excited carriers were found
to depopulate with a lifetime of ~70 ps.5%4 In another
experiment on Ge nanocrystals by the pump—probe
technique, the photoexcited electrons were found to
be rapidly scattered out of the I' valley into the X
valleys with a time constant of ~230 fs and then into
the L valleys in the time range of ~1.5 ps, which
involved the carrier—phonon couplings.5%
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6.2.5. Metal Oxides Systems

TiOy has received much attention because of its
promising application prospects in solar energy con-
version and photocatalysis.?*"-5% The charge carrier
dynamics have been investigated on bare TiOs nano-
particles and on TiO; nanoparticles coupled with
dyes.?10-515 For bare TiOs nanoparticles, the photo-
induced electrons were found to decay following a
second-order kinetics with a second-order recombina-
tion rate constant of 1.8 x 10719 c¢m3/s.51° In this
measurement, an electron-trapping process was found
to occur on the time scale of 180 fs.51!

On the other hand, in dye-sensitized TiO2 nano-
particles, the electron is injected from an excited dye
molecule on the surface of TiOy nanoparticle. Usually
the dye that is used absorbs visible light and the
excited state of the dye molecule lies above the
conduction band edge of the TiOs nanoparticle. In
these systems, the back electron transfer to the dye
following injection can be ignored. The electron
injection and back electron-transfer rates depend on
the nature of the dye molecule, the properties of the
TiOs nanoparticle, and the interactions between the
dye and the nanoparticle.?2513 The electron injection
occurs in ~100 fs. For example, the electron injection
happens around 200 fs, 50 fs, and <100 fs for the
systems of coumarin 343, N3,515516 and anthocya-
nin®7 dye-sensitized TiOs nanoparticles, respectively.
The back electron transfer occurs much more slowly,
usually from 10 ps to us, and also depends on the
nature of the dye and the nanoparticles.517-520

The electron relaxation dynamics have also been
investigated in Fes03.52° The relaxation dynamics
was found to be very similar in the a- and y-phases
of Fe;O3 nanoparticles, which featured a multiexpo-
nential decay with time constants of 360 fs, 4.2 ps,
and 67 ps. The nonradiative relaxation process is very
efficient in this system and can be related to the weak
fluorescence and low photocurrent efficiency of the
Fey;O3 electrode due to the intrinsic dense band
structure or the high density of trap states.520

6.2.6. Other Systems

PbS is a good system to investigate the strong
quantum confinement in semiconductor nanopar-
ticles because it has a relatively large Bohr radius
of 18 nm and a narrow bulk band gap of 0.41 eV 464521
The dynamics of photoinduced electrons have been
investigated using femtosecond laser spectroscopy in
PbS nanoparticles capped with different protecting
groups such as polyvinyl-alcohol (PVA), polyvinyl-
pyrrolidone (PVP), gelatin, DNA, polystyrene (PS),
and polymethyl-methacrylate (PMMA).464521 The elec-
tronic relaxation was found to be very similar and
follows a double-exponential decay with time con-
stants of 1.2 and 45 ps for all of the samples studied,
independent of particle size, shape, surface capping,
probe wavelength, and excitation intensity. The fast
decay was attributed to trapping from the conduction
band to shallow traps or from shallow traps to deep
traps, and the slower decay was due to electron—hole
recombination mediated by a high density of surface
trap states within the band gap.46
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Another interesting system that was investigated
is the copper sulfide family of semiconductors. It has
been observed that the electronic relaxation in CusS
has a dominant fast decay component of 1.1 ps due
to charge carrier trapping at shallow trap sites, and
a slower decay component of 80 ps due to deep
trapping, which is independent of excitation inten-
sity, probe wavelength, and capping agent.464522 On
the other hand, the dynamics of the crystalline form
of CuS shows an interesting power dependence due
to trap state saturation. At low excitation intensities,
the bleach has a fast recovery of 430 fs due to carrier
trapping, which leads to an increase in transient
absorption. Then a long time offset due to relaxation
from shallow to deep traps and further relaxation of
charge carriers from deep traps were observed. At
high excitation intensities, a transient absorption
signal with a 1.1 ps decay and a slow rise with a
lifetime >1 ns was observed.??

In the case of AgyS nanoparticles with cysteine
(Cys) and glutathione (GSH) as capping agents, the
dynamics of photoinduced electrons had a quick
(<150 fs) rise followed by a fast decay (750 fs) due to
the fast trapping into shallow trap states, and a
slower rise (4.5 ps) due to the deep trapping pro-
cess. 464523 The initial photoexcitation populated the
conduction band and depleted the valence band
within the laser pulse (<150 fs). The decay signal
overlaps with both transient absorption and bleach,
where the transient absorption contribution becomes
more dominant over bleach with increasing excitation
intensity due to shallow trap state saturation at high
intensities. On longer time scales, AgsS nanoparticles
capped with Cys-1, Cys-2, and GSH-2 have a recovery
of 4.5 ps time constant that goes above the baseline
and then decays gradually toward the baseline with
a time constant of >1 ns. This process is attributed
to the recombination of deeply trapped electrons with
the hole. The nanoparticles capped with GSH-1 show
a bleach recovery with a similar time constant (>1
ns) following the fast 4.5 ps rise.464523

The relaxation in Pbl; nanoparticles was also
investigated and found to be dominated by surface
properties and independent of particle size in the size
range of 3—100 nm. The relaxation dynamics in this
system was found to also be strongly dependent on
the solvent used.*64524525 The early dynamics times
were found to show some signs of oscillation with a
period varying with solvent but not with size (6 ps
in acetonitrile, 1.7 ps in alcohol). The relaxation was
dominated by a 75 ps decay in acetonitrile and a fast
additional 6 ps decay in alcohol. On the other hand,
the relaxation in aqueous PVA solution features a
double-exponential decay with time constants of 1
and 40 ps. These decays have been attributed to
trapping and recombination mediated by trap
states, 464524525

The electronic relaxation dynamics observed for
Bil; nanoparticles in different solvents was also found
to be sensitive to solvent and insensitive to particle
size. It was also observed to be somewhat dependent
on the probe wavelength and independent of the
excitation intensity.*64%?5 The relaxation in Bil;
nanoparticles was dominated by a 50 ps decay and a
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long-lived component of 1.3 ns in acetonitrile, and
with an additional fast 9 ps decay in alcohol. The
influence of particle size was small in the size range
studied (2—100 nm), and the relaxation was domi-
nated by surface characteristics because spatial
confinement was not significant in affecting the
relaxation process due to the small exciton Bohr
radius of the material (0.61 nm for bulk Bil;).464525

The electron—hole dynamics was also investigated
in the CdS/HgS/CdS quantum dot-quantum well
system.!®! Four bleach bands and a stimulated emis-
sion signal in the visible spectral range between 450
and 780 nm were resolved in the transient absorption
spectra, and a transient induced absorption was
found to be due to the intraband transitions by using
an IR probe pulse at 4.7 um. All four bleach signals
have rise times between 200 and 300 fs, whereas the
stimulated emission signal rises at 1.5 ps. From the
1.5 ps rise time of the stimulated emission originating
from the HgS well and the intraband hole IR absorp-
tion (150 fs) after excitation into the CdS core, the
electron localization time (transfer time from the core
to the well) was found to be 1.5 ps, whereas that of
the hole was on the order of ~150 fs. There is a large
difference in the transfer time of the electron and hole
across the CdS/HgS interface. This was explained by
the fact that the hole transfer occurs from excited S~
in the CdS system to S2~ in the HgS system, whereas
the electron is transferred from the excited S~ to
Hg?". The energetics and Franck—Condon factor are
good for the hole transfer between the surface MOs
but are not very good for the electron transfer as it
involves change of chemical species with large dif-
ferences in their energies and overlap.1%?

The exciton dynamics was also investigated in a
double-layer-QW CdS/(HgS)/CdS quantum-dot—
quantum-well system and was compared to the
dynamics of the QDQW system with a single-layer
HgS QW.1% A fast relaxation component of ~5 ps at
wavelengths <700 nm was found, and this is due to
an energy relaxation process of the two 1P.—1P,
exciton state. At longer wavelengths, a slow decay
component that increases in decay time with increas-
ing wavelength was found, and this is due to the
decay of the dim 1S.—1Ss, state. The inhomoge-
neously broadened absorption band and the wide
distribution of decay times in the low-energy region
gave strong evidence for a broad inhomogeneous
energy distribution of the lowest energetic 1S.—1S3/2
dim state, which was discussed in terms of the
morphological structure of the quantum well.

The kinetic measurements of the optical transitions
in the double-layer-QW system were correlated with
their symmetry and overlap of carrier wave functions.
A rapid relaxation among the higher excitonic states
leads to the population of the lowest state, which
decayed more slowly than the upper states via
trapping processes. The tetrahedral shape and the
CdS/HgS interfaces were considered to be the source
of both the broad distribution of the excitonic energies
and the large density of trapping sites, which can
lead to the observed distribution of energy states and
decay times of the lowest exciton state.®*
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6.3. Hot Electrons and Lattice Temperatures in
Nanoparticles

The electrons of the metal can be selectively
excited, and the electron—phonon coupling can be
studied in real time with the advancement of ul-
trashort laser pulses, which are shorter than the
electron—phonon energy relaxation time.02403 Elec-
tron—electron interactions are strong enough to ther-
malize the electron gas within the duration of the
laser excitation pulse due to the high electron density
in metals. Because of the large difference in their
heat capacities, the electrons and the lattice can be
treated as two coupled subsystems according to the
two-temperature model (TTM).42° A nonequilibrium
temperature difference between the electron gas and
the lattice is created directly after the electrons
absorb the photon energy from the laser pulse. A new
Fermi electron distribution with a higher electron
temperature is reached via an internal electron
thermalization by electron—electron scattering within
the electron gas,?59-260.408:409 ywhere electron—electron
interactions are elastic and the overall energy is
conserved during this first relaxation process. A
temperature equilibration between the electron and
the lattice subsystems is established via external
thermalization by electron—phonon collisions, which
exchanges the excitation energy between the electron
subsystem and the lattice (energy relaxation
T).259,260,408,409 Dyuring the external thermalization,
the temperature of the electron gas (and the lattice)
decreases steadily and the whole system returns to
its original (ground) state prior to laser excitation.
The time evolution of the electron and the lattice
temperatures are expressed ag*20:406:407,5626

oT,
CuTo)y5" = ~(T, = Ty + VVT,) + LP(zt) (37)

oT,

Cry =g~ Ty (38)

where C. and C; are the electronic and lattice heat
capacities, respectively, g is the electron—phonon
coupling constant, and «' is the electronic thermal
conductivity. LP(z,t) is the spatial and temporal
evolution of the exiting laser pulse. The electronic
heat capacity C.(T.) is usually assumed to vary
linearly with the electron temperature 7.

The optical (transient absorption, transmission, or
reflectivity) changes induced by the pump pulse can
be expressed in terms of temperature changes.?*®
Fermi—Dirac statistics

_ 1
=17 exp(E — E/kT) (89)

describe an electron distribution within the conduc-
tion band of the metal®*® after a rapid internal
electron relaxation by elastic electron—electron col-
lisions, where &k, T, Er, and E are the Boltzmann
constant, temperature, Fermi energy, and energy of
the electronic energy levels, respectively. An elec-
tronic temperature is associated with each Fermi
electron distribution and can describe the energy
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Figure 91. Schematic illustration of the electron distribution in the conduction band of a metal (nanoparticle). (a) Before
laser excitation all states below the Fermi energy are occupied, whereas all states above the Fermi energy are unoccupied
at an initial temperature of 0 K. (b) Electrons with energies of up to the excitation energy below the Fermi energy to
states are promoted above the Fermi energy having a maximum energy equal to the excitation energy after excitation
with a laser pulse (2 eV in this illustration). This electron distribution is a nonthermal electron distribution with regard
to Fermi—Dirac statistics. This nonthermal electron distribution relaxes (thermalizes) by electron—electron scattering
without losing the absorbed photon energy to a certain electron temperature. (c) In this case an electron temperature of
1000 K is reached. [Energy conservation requires that the areas under the curves in (b) and (c) for energies greater than
the Fermi energy have to be equal.] The electron gas is cooled via electron—phonon coupling and phonon—phonon interactions
with the surrounding medium as illustrated by the other curves in (¢). Finally, the system returns to its starting electron
temperature (a). Reprinted with permission from ref 259. Copyright 2000 Taylor and Francis.

relaxation of the electron gas into the lattice motion.
Figure 91 illustrates the changes in the electronic
energy distribution within the conduction band of the
metal after laser intraband excitation at an initial
temperature of 0 K, where the electron distribution
f is calculated according to the Fermi—Dirac statis-
tics.34

The electrons having an energy of <2.0 eV below
the Fermi level are excited to electronic levels up to
2 eV above the Fermi level after laser excitation with
a wavelength of 620 nm, which leads to a nonequi-
librium distribution according to the occupation
dictated by the Fermi—Dirac statistics for fermions
as plotted in Figure 91b. A new Fermi electron
distribution with a higher electron temperature is
reached after electron—electron scattering within the
electron gas as shown in Figure 91c, which is also
called an internal electron thermalization pro-
cess, 299408409 hecguse the overall energy is conserved
during this relaxation process. The latter event is
attributed to elastic electron—electron interactions,
assuming there is no energy exchange between the
electrons and the lattice. A temperature equilibration
between the electron and the lattice subsystems is
established after an external thermalization?59:408:409
with the phonon bath, where the excited electrons
above the Fermi level lose their energy to the
phonons via electron—phonon interactions. Finally,
the temperature of the electron gas (and the lattice)
decreases steadily and the Fermi distribution nar-
rows until the whole system returns to its original
(ground) state before laser excitation is reached
(Figure 91a), assuming that there is also heat release
to the surrounding system.

Interband transitions lead to a very similar but
complicated picture, where the holes in the low-lying
d band can recombine with any of the excited
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Figure 92. Dependence of the estimated lattice temper-
ature of the gold nanoparticles as a function of the laser
fluence. The two horizontal lines represent the bulk melting
and boiling temperature, respectively. Reprinted with
permission from ref 527. Copyright 2000 American Chemi-
cal Society.

electrons above the Fermi level or the unexcited
electrons below the Fermi level occurs on the tens of
femtoseconds time scale*?17423 due to the high density
of the charge carriers in the conduction band. If the
interband relaxes via an Auger-type recombination
mechanism process, then highly excited electrons are
present within the conduction shortly after the
excitation pulse. These electrons have an average
excess energy above the Fermi level equal to the
exciting photon energy as the holes in the d band
have already been filled by the initial electron—
electron scattering.?5®

The temperature change of the nanoparticle lattice
has also been examined.’?” Figure 92 shows the
temperature of the gold nanorods after excitation
with femtosecond pulses as a function of the laser
fluence.5?” The bulk melting and boiling temperatures
of gold (1337 and 2929 K, respectively) are indicated
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with the two horizontal lines. The number of gold
nanorods in the excitation volume can be calculated,
given the beam diameter of the laser pulse, optical
path length, and an overall nanorod concentration.
The amount of energy per nanorod can be obtained
with this value together with the absorbed photon
energy, E.ps. The temperature (7T) of the nanoparticle
lattice is then given by eqs 46—48, where the initial
temperature was assumed to be room temperature
(293 K)

E
T =—21 993 (40)
me
E, —AH
T =" —melt ) 993 (41)
me
E, —AH,_, — AH
T=—"—— P 04293 (42)

where AHpei; and AHy,;, are the heats of melting and
vaporization, respectively, ¢, is the specific heat
capacity of gold, and m is the mass of the nanopar-
ticle. Equation 39 is valid for temperatures below the
melting point, whereas eqs 40 and 41 are valid when
the temperatures have reached values above the
melting and boiling points, respectively. The tem-
peratures represent an upper limit because no heat
losses are considered, assuming that all of the
absorbed laser energy is transferred into the lattice.
The temperatures of the nanoparticles exceed the
melting and boiling points of bulk gold where tem-
peratures on the order of 10*—105 K are easily
achieved with the femtosecond pulses.??7

6.4. Phonon Bottleneck

In a crystal consisting of N elementary cells with
n atoms in each, 3nN—6 independent elementary
oscillations exist, which are called normal modes.
Each crystal state can be described in terms of
superposition of normal modes. The six modes are
usually ignored compared to the large number of
modes. All of these normal modes can be classified
into 3n different branches containing IV oscillations
each. Three of them are called acoustic branches, and
the others are called optical branches. In a three-
dimensional lattice with more than one atom in the
primitive cell, there are always three types of acoustic
modes and three types of optical modes, namely, one
longitudinal and two transversal modes. Every vi-
brational state of a lattice can be described in terms
of the state of an ideal gas of noninteracting quasi-
particles called phonons. In nanocrystals, acoustic
phonon modes become discrete because of finite size
and can be described in terms of elastic vibration of
homogeneous particles in a spherical crystallite.
Optical modes in nanocrystals experience some modi-
fications as well, and a number of surface modes
appear.308:462

Consider the simplified scheme of the optical
transitions including the ground and the two lowest
excited states of a nanocrystal. In the ground state,
no exciton exists. The first excited state corresponds
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to one exciton in its ground state, that is, the 1s state
in a weak confinement case and the 1s.,1Ss,, state in
the strong confinement limit. The second state is then
the 2s state or 1s.2S35 state, respectively. The energy
difference between the two excited states, AE1s, grows
rapidly with decreasing nanoparticle size. For CdSe
nanocrystal with ¢ = 2 nm, AE;3 = 200 meV (1600
cm™1). This is a very large value compared with LO—
phonon energy, which is ~26 meV for CdSe nano-
particles. The latter is close to the thermal fluctuation
energy E1 = kT value at room temperature. There-
fore, for rather large sizes and temperature ranges,
AE15> E1o, Ev. In this case, relaxation between these
two excited states is possible via multiple emissions
of optical and acoustical phonons. In bulk semicon-
ductors, exciton energy relaxation results mainly
from cascade LO—phonon emissions, where interac-
tion with acoustic phonons is less important. In
nanocrystals that are smaller than 10 nm, when the
discreteness of electron—hole states becomes es-
sential, optical phonons cannot provide an efficient
relaxation channel. The dispersion curve of optical
phonons is nearly independent of wavenumber, and
LO—phonon energies can only be weakly deviated
from the Epo value. Therefore, the relaxation via
multiple LO—phonon emission requires AE13 = nEpo,
where n is an integral number. Unlike in bulk
crystals where there exists a continuous spectrum for
quasi-particles, there is no intermediate state that
exists between the lowest two excited states in
nanocrystals. Therefore, the probability of the above
process is very low because multiple phonon emission
should occur via virtual intermediate states. The
corresponding relaxation rate is lower than the
typical electron—hole recombination rates. Thus, the
relaxation between the excited states in nanocrystals
is essentially inhibited. This effect is often called
phonon bottleneck. 308462

Phonon bottleneck in nanoparticles has been stud-
ied in the past years,2%%462 and the results are
controversial 475:485:489,528-554 The excited carriers should
have an infinite relaxation lifetime for the extreme,
limiting condition of a phonon bottleneck; thus, the
carrier lifetime would be determined by nonradiative
processes, and PL would be absent.?%$462 In the case
that the relaxation times are not excessively long and
PL is observed, the results are not indicative of a
phonon bottleneck, although relatively long hot-
electron relaxation times (tens of picoseconds) com-
pared with what is observed in bulk semiconductors
are observed.?>®7557 The time of electron transfer from
bulk IIT-V semiconductors to redox molecules (met-
allocenium cations) adsorbed on the surface can be
sub-picosecond to several picoseconds;?>87560 hence,
photoinduced hot electron transfer can be competitive
with electron cooling and relaxation if the latter is
greater than tens of picoseconds. If the relaxation/
cooling times are >10 ps (about an order of magni-
tude greater than for bulk semiconductors), slower
relaxation/cooling of carriers is observed in nanopar-
ticles.462

Slow hot electron cooling with times ranging from
10 ps to 1 ns was observed in self-assembled InGaAs
QDs produced by Stranski—Krastinow (SK) growth
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on lattice-mismatched GaAs substrates by Sugawara
and colleagues.?307533 The relaxation time increased
with electron energy up to the fifth electronic state.
Slow electron cooling was also reported in InAs/GaAs
nanoparticles by Kamat et al.’*! In strain-induced
GaAs QDs formed by depositing tungsten stressor
islands on a GaAs QW with AlGaAs barriers, slow
cooling of up to 1 ns was observed by Gfroerer et al.?*2

On the other hand, slow hole cooling with a lifetime
of 400 ps was reported in SK InAs/GaAs nanopar-
ticles by Adler et al.53853 In stacked layers of SK InAs
nanoparticles deposited on GaAs, hole relaxation
times of ~40 ps were observed by Heitz et al.?3*
Klimov et al. also found very fast electron relaxation
dynamics on the order of 300 fs from the first-excited
1P to the ground 1S state on II-VI CdSe colloidal
QDs using interband pump-—probe spectroscopy,
which was attributed to an Auger process for electron
relaxation that bypassed the phonon bottle-
neck. 46247047 Guyot-Sionnest et al.*®® conducted ex-
periments to separate electron dynamics from hole
dynamics with CdSe QDs coated with different cap-
ping molecules (TOPO, thiocresol, and pyridine),
which exhibit different hole-trapping kinetics. The
rate of hole trapping increased in the order of TOPO,
thiocresol, and pyridine, with a fast relaxation com-
ponent (1—2 ps) due to the Auger relaxation process
and a slow relaxation component (=200 ps) attributed
to the phonon bottleneck, which is most prominent
in pyridine-capped CdSe QDs. In the Auger process,
the excess electron energy is rapidly transferred to
the hole, which then relaxes rapidly through its dense
spectrum of states. The relative weight of these two
processes in a given QD system depends on the hole-
trapping dynamics of the molecules surrounding the
QD. The relaxation times follow the hole-trapping
ability of the different capping molecules and are
longest for the QD systems having the fastest hole-
trapping caps; the slow component dominates the
data for the pyridine cap, which is attributed to its
faster hole-trapping kinetics.462489

Klimov et al. further studied the presence of the
Auger mechanism for carrier relaxation dynamics in
CdSe QDs with a ZnS cap and a pyridine cap.329470471
The relaxation time from the 1P to 1S state was ~250
fs with the ZnS-capped CdSe, whereas for the pyri-
dine-capped CdSe, the relaxation time increased to
3 ps, which was attributed to a phonon bottleneck
produced by rapid hole trapping by the pyridine.

6.5. Quantized Auger Rates

In the regime of multiple e—h pair excitation,
depopulation of nanocrystal quantized states can
occur via Auger recombination, a nonradiative mul-
tiparticle process, leading to the recombination of
e—h pairs via energy transfer to a third particle (an
electron or a hole) that is re-excited to a higher
energy state.329472561.562 The Auger recombination
occurs as a sequence of quantized steps from N to N
— 1, N — 2, ..., and finally to the 1 e—h pair state
and is characterized by a set of discrete recombina-
tion constants, characteristic of the decay of the two,
three, ..., e—h pair NC states.??%4"2 The multiparticle
decay process has been studied by monitoring the
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relaxation of the 1S bleaching using pump—probe
techniques.3?*4”2 Single-exponential dynamics of dif-
ferent multiple-pair nanocrystal states can be ob-
tained by subtraction from the experimental [N(¢)O
time transients normalized to the long-time decay
values.?29472 The carrier decay becomes progressively
faster with increasing number of e—h pairs per
nanocrystal. The ratio 0.22:0.47:1 of the experimen-
tally determined times of four-, three-, and two-pair
relaxations (10, 21, and 45 ps, respectively) is close
to the predicted ratio of 74/7s/to = 0.25:0.44:1 in bulk
semiconductor with tx ! = CA(N/V()2 (N = 2), where
7y is the effective decay time constant in the Auger
regime. The quantitative match of scaling for the
multiparticle relaxation times indicates that the
decay rates for quantum-confined Auger recombina-
tion are cubic with respect to the carrier density (dn./
d¢ O —ne?), just as in bulk materials.32%472 The time
constants measured for the two-, three-, and four-
pair decays rapidly decrease with decreasing nano-
crystal size following a cubic size dependence, such
that the time-constant ratios predicted by the bulk-
semiconductor model holds for all nanocrystal
sizes.329472 The R? size dependence of relaxation times
in nanocrystals are different from the R® dependence
predicted by the bulk-semiconductor model, and this
shows that in three-dimensionally-confined systems,
the Auger constant depends on the particle size. For
the size between 1 and 4 nm, the Auger constant
decreases with reducing nanocrystal radius as R3 and
the Cx values calculated by using lifetimes of two,
three, and four e—h pair states are similar to each
other.329.472

6.6. Trapping Dynamics

Recently, it was demonstrated that Cu; ¢S is a good
system for studying the trapping dynamics in nano-
particles.?63564 In the absorption spectra shown in
Figure 93 (top), the red shift from 450 to 510 nm
during the particle growth is due to the quantum
confinement effect on the excitation into intrinsic
electronic states as the quantum dot size increases.
The emission spectrum of the Cu;gS quantum dots
reveals a bathochromic shift and occurs from trap-
ping sites. Upon femtosecond laser excitation of the
quantum dots, strong bell-shaped excited-state ab-
sorption from 450 to 750 nm was observed, resulting
from the population of trapping sites with a maxi-
mum around 600 nm and a dip between 450 and 550
nm due to the superposition of transient absorption
and transient bleach in this spectral range. The
overall peak intensity was excitation power depend-
ent, as illustrated in the inset of Figure 93. The pump
power utilized caused multiple excitations but was
still in the linear range and no saturation occurred,
where the highest pump power corresponds to 20
excitations per particle and ~1 excitation at the
lowest applied pump power. The linearity of the
absorption intensity suggested that the number of
surface traps exceeds the number (20) of excited
carriers.?63564

If transient absorption is indeed from populated
trap states, the decay dynamics, due to the detrap-
ping process of the carriers, should be temperature
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Figure 93. (Top) Absorption spectra (solid symbols) of
aliquots drawn at 1 (diamonds), 10 (triangles), and 40
(squares) min of reaction time during the synthesis of CuxS
quantum dots. The absorption spectra show shoulders
around 480, 495, and 510 nm. The corresponding photo-
luminescence spectra are shown for the three samples on
an arbitrary scale, displaying a decreasing Stokes shift for
larger quantum dots. (Bottom) Transient absorption spec-
tra of Cul.8S quantum dots after femtosecond laser excita-
tion at 5-ps delay time. The inset shows the pump power
dependence of the signal intensity. No saturation was
observed up to 22 excitations per quantum dot. Reprinted
with permission from ref 563. Copyright 2003 American
Chemical Society.

dependent (thermal activation for escaping the trap
potential) and should be largely independent for the
number of populated trapping sites. The decay time
(2.55 £ 0.5 ns) of this transient absorption does not
change with excitation power variation when excita-
tion powers between 0.5 and 10 ud/pulse or 1-20
excitations per quantum dot were applied as shown
in Figure 94.

Transient bleach occurs in quantum dots as a
result of excited-state-filling, which leads to a partial
saturation of the band gap transition as long as the
excited states are populated. The combination of
transient bleach and absorption should result in a
more complex relaxation dynamics in the 500 nm
range compared to the 600 nm (intraband gap) range,
which is less than the band gap energy of the
investigated quantum dot. Transient absorption in
this energy range was previously assigned*”® to
excited-state absorption originating from surface
states, which occurs as a result of lattice defects and
dangling bonds on the surface of the nanocrystals.
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Figure 95 shows the rise of the transient absorption
monitored at 600 nm with a fast increase in absorp-
tion that is observed within the first 400 fs due to
excited-state absorption of the delocalized hot carri-
ers. A slower component (35%) with a rise time of
16.8 ps assigned to the trapping process of carriers
and the concomitant depopulation of the band edge
is also observed.5%3

The adsorbed benzoquinone (BQ) acts then as an
electron acceptor and removes the photoexcited elec-
tron from the conduction band in less time than the
laser pulse duration (<120 fs). Therefore, the electron-
transfer rate is faster than the experimental time
resolution, and as a result, the pump—probe mea-
surements in the presence of BQ provide information
about the remaining hole dynamics in the quantum
dot. Thereby, detailed information about the dy-

namics of the electron or the hole can be ob-
tained 468,470,565,566

Figure 96 shows the kinetics monitored at 500 nm
(black open circles) with a fast relaxation component
of 350 fs, a slower component of 2.2 ps, and a rise
time of 16 ps. The 350 fs and 2.2 ps decays at 500
nm are actually the rise time of the bleach at the
band edge due to the intraband relaxation of the
electron and hole, respectively, and the 16 ps rise
time at 500 nm is actually the decay of the band edge
bleach via trapping.563.564

After the addition of the electron acceptor BQ, the
quenched 350 fs component can be assigned to the
intraband relaxation of the hot electron, whereas the
unquenched 2.2 ps component is assigned to the
relaxation of the hot hole. The quenched 16 ps rise
time suggests that with BQ on the surface, no
electrons can reach the trapping sites. A slower decay
component of 39.7 ps is then observed, and this is
due to the trapping of the hole or the recombination
of the carriers.

The addition of BQ completely removes the 16 ps
component that is due to the trapping of electrons
and is shown in Figure 97. A new decay with a 2 ps
component and a long lifetime component was ob-
served, and this is due to the intraband relaxation
of the hole as a result of the recombination of the
electron and the hole (in the presence of the electron
acceptor on the surface), respectively (shown in
Figure 97, top left).

Through the localization of the carriers during the
trapping process, the overlap between electron and
hole wave function can be drastically reduced, result-
ing in longer time components for the decay of the
transient signals. The decay of the transient absorp-
tion monitored at 600 nm takes place on the 2.5 ns
time scale. A similarly long lifetime component was
also measured for the transient absorption at 500 nm,
as presented in Figure 97. The addition of BQ
reduced the lifetime of the recombination transient
drastically from 2.5 ns to 471 ps. The decay of the
transient absorption could be due to the depopulation
of the hole trap states into deeper traps, and the
recovery of the ground-state spectrum suggests an
electron—hole recombination on the 471 ps time
scale, 563,564
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Figure 94. Nanosecond decay curve of the laser-induced transient absorption monitored at 600 nm, revealing the
recombination time of the trapped electron and holes. Reprinted with permission from ref 563. Copyright 2003 American

Chemical Society.
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Figure 95. Picosecond rise time of the laser-induced transient absorption monitored at 600 nm, monitoring the conduction
band depopulation and trapping of the photoexcited electron. Reprinted with permission from ref 563. Copyright 2003

American Chemical Society.

7. Nanocatalysis

7.1. Introduction

The field of nanocatalysis (in which nanoparticles
are used to catalyze reactions) has undergone an
exponential growth during the past decade. Two
types of studies have been carried out, homogeneous
catalysis in solution and heterogeneous catalysis in
which the nanoparticles are supported on a substrate.
Because nanoparticles have a large surface-to-volume
ratio compared to bulk materials, they are attractive
to use as catalysts. In 1996, it was demonstrated that
transition metal nanoparticles can be synthesized
with different shapes, and the potential of using
different shapes to catalyze different reactions was
discussed.?®” Recently, it has been shown that the
activities of platinum nanoparticles of different shapes
are indeed different for the same electron-transfer
reaction in colloidal solution.%%8 This potential shape-
dependent catalysis adds to the advantage of using
nanoparticles as catalysts. Of course, being small
with corners and edges could make their surface

atoms unstable during the chemical reaction they
catalyze, and shape changes could occur.?”

7.2. Homogeneous Catalysis

In homogeneous catalysis, transition metal nano-
particles in colloidal solution are used as catalysts.
In this type of catalysis, the colloidal metal nanopar-
ticles are dispersed in an organic or aqueous solution
or in a solvent mixture. The colloidal nanoparticles
must be stabilized to prevent their aggregation and
also to be good potential recyclable catalysts. How-
ever, it was shown that the better the capping, which
makes the nanoparticles stable in solution, the lower
the catalytic activity becomes because the active
surface sites are better protected.?%®

Being small has the advantage that a larger
fraction of the atoms is used in the catalysis process.
Furthermore, surface atoms can occupy the corners
and edges of the nanoparticles and thus become
chemically unsaturated and also much more active.
Recently, Narayanan and El-Sayed®%® showed that
there is a reasonable correlation between the cata-
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Figure 97. (Top left) Relaxation dynamics of the transient absorption observed at 600 nm, measured up to 80-ps delay.
(Top right) Decay dynamics of the transient absorption observed at 600 (red squares) and 500 nm (black circles) in a time
window up to 2000 ps. (Bottom left) Without benzoquinone, the trap-state absorption displays a lifetime of several
nanoseconds (=2.5 ns). (Bottom right) After adsorption of benzoquinone, the transient absorption is reduced in lifetime to
<500 ps. This could be due to accelerated recombination of the electron with the hole due to trapping of the hole in the
field of the BQ anion. Reprinted with permission from ref 563. Copyright 2003 American Chemical Society.

lytic activity of nanoparticles with different shapes
and the fraction of atoms located on corners or edges.
However, this high reactivity could lead to surface
reconstruction and shape changes in colloidal solu-
tion.’’® Thus, being small could make the surface
atoms dynamically active and could also lead to
surface reconstruction. In the electron-transfer reac-
tion catalyzed with tetrahedral shaped Pt nanopar-
ticles in colloidal solution, it is found that the activity

of the nanoparticles decreases during the course of
the reaction as a result of changes toward a spherical
shape (which has the most stable surface).5!

There have been a number of reviews that discuss
the use of colloidal transition metal nanoparticles as
catalysts for homogeneous catalysis and also some
of the major reactions that this type of nanoparticles
has catalyzed. One review has focused on whether
transition metal colloidal nanoparticles are potential



Chemistry of Nanocrystals of Different Shapes

Table 2. References to the Common Reducing Agents
and Stabilizers Used in the Synthesis of
Nanoparticles in Colloidal Solution as well as the
Important Reactions Studied

important factors for
colloidal transition

metal nanoparticles examples

alcoholg69.579-593

hydrogen gas?7-568:570-571,594-601

sodium borohydride?69,602-620

hydrazine821-626

sodium citrate®?7-628

thermal reduction®29-634

photochemical reduction®35-640

sonochemical reduction®41-648

ligand displacement of organo-
metallicst49-658

metal vapor condensation®5-667

electrochemical reduction®68-670

polymers5677571,5797583,6717677

reducing agents

stabilizers
block copolymers?69.678-681
dendrimers?69.602.682-687
surfactants688-692
other ligands693-700

Suzuki cross-couplin
reactions?69580-582,602,604,701-706

chemical reactions
Heck cross-coupling
reactiong®86.701,704-705,707-711

electron-transfer
reactiong?68-570-571,583,594,712-715

hydrogenations”16-720
oxidations1-727

recyclable catalysts.5” The synthesis, structure, and
catalytic properties of ligand-stabilized giant pal-
ladium clusters and nanosized palladium complexes
have also been reported.’”® The use of transition
metal nanoparticles stabilized with various polymers
as homogeneous catalysts has been reviewed.?’* The
use of monometallic and bimetallic nanoparticles
stabilized by solvent and surfactants as catalysts has
been surveyed.5”> PVP-stabilized bimetallic catalysts
in colloidal dispersions have also been reviewed as
potential catalysts.5”® The use of colloidal transition
metal catalysts as low-temperature oxidation cata-
lysts has been reviewed.?”” There has also been a
general review on nanoscale transition metal nano-
particles and a description of transition metal col-
loids.578

Table 2 summarizes the common reduction meth-
ods used to synthesize transition metal nanoparticles
in colloidal solution, the common stabilizers used to
cap the colloidal transition metal nanoparticles, and
the common reactions that have been conducted
using the colloidal transition metal nanoparticles.
Some common reducing agents and reduction meth-
ods that have been used to synthesize colloidal
transition metal nanoparticles include chem-
ical reduction with alcohols,?695797593 hydrogen
gas,567668.570571,594-601 godium borohydride,569.602-620
hydrazine,%217626 and sodium citrate;52762® thermal
reduction;%2°-634 photochemical reduction;®3?4° sono-
chemical reduction;5417%48 ligand displacement of
organometallics;?976%8 metal vapor condensation;®59-667
and electrochemical reduction.%%8-67 Some common
stabilizers used to cap transition metal nanoparticles
in colloidal solution include polymers,?67-571,579-583,671-677
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block copolymers,569678-681 dendrimers,?69.602.682-657
surfactants,®8692 and other ligands.693-700

7.2.1. Chemical Reactions Catalyzed Using Colloidal
Transition Metal Nanocatalysts

Some types of chemical reactions that have
been catalyzed using transition metal nano-
catalysts in colloidal solution include cross-
couplings,?69.580-582,602.604686.701-711  glectron trans-
fers,568570.571,583,694,712-715 hydrogenations, 6720 and
oxidations.”?'"727 There are many other types of
reaction that have also been catalyzed using transi-
tion metal nanoparticles in colloidal solution, but due
to the vast volume of literature, we focus on only the
above four types of reactions in this review. Table 2
summarizes some of the major reactions that have
been catalyzed using colloidal transition metal nano-
catalysts.

7.2.1.1. Cross-Coupling Reactions. Two main
types of cross-coupling reactions that have been
catalyzed using colloidal transition metal nanopar-
ticles are the Suzuki and the Heck cross-coupling
reactions. The Suzuki reaction is a C—C bond forma-
tion reaction that couples arylboronic acids and aryl
halides to form biaryls, whereas the Heck reaction
is a C—C bond formation reaction that occurs by the
arylation of alkenes with aryl halides.

The use of transition metal nanoparticles to cata-
lyze the Suzuki reaction?69.580-582,602,604,701-706 h4g
been fairly recent. Palladium nano-
particleg?69580-582,602,604,701-704 4y¢ mogt commonly used
to catalyze the Suzuki reaction, whereas ruthe-
nium,”%%7% copper,’°® and bimetallic’° nanoparticles
have also been used to a much smaller extent. Many
different capping agents have been used to stabilize
the palladium nanoparticles that are used to catalyze
the Suzuki reaction such as PVP,569,580-582,602
PAMAM-OH dendrimers,?69-602.604 holystyrene-b-poly-
(sodium acrylate),?® poly(lV,N-dialkylcarbodiimide,*?
and G-3 dendrimer.”* The Suzuki reaction has been
conducted in aqueous solution using the 3:1 aceto-
nitrile/water solvent?6%580-582.602 with palladium nano-
particles. The reaction has also been catalyzed with
palladium nanoparticles under microwave heating
conditions.” It has been shown that when PVP—Pd
nanoparticles®®? and PAMAM—OH generation 4 den-
drimer-stabilized Pd nanoparticles®®? are used to
catalyze the Suzuki reaction between phenylboronic
acid and iodobenzene, the palladium nanoparticles
grow larger in size due to the Ostwald ripening
process and the presence of unreduced Pd ions, partly
reduced Pd ions, and Pd atoms in solution. After the
second cycle, in the case of the PVP—Pd nanopar-
ticles, the larger nanoparticles aggregate and pre-
cipitate out of solution, leaving the smaller nanopar-
ticles left in solution. Figure 98 summarizes the TEM
images and Gaussian fits of the size distributions of
the PVP—Pd nanoparticles after the first and second
cycles of the Suzuki reaction.

In the case of the dendrimer—Pd nanoparticles, the
nanoparticles continue to grow in size during the
second cycle of the reaction, and this could be due to
a greater amount of partly reduced and unreduced
Pd ions in solution as well as the stronger encapsu-
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Figure 98. TEM images and Gaussian fits of the size distributions of PVP—Pd nanoparticles before the Suzuki reaction
(a, b), after the first cycle of the reaction (c, d), and after the second cycle of the reaction (e, f). Reprinted with permission

from ref 582. Copyright 2003 American Chemical Society.

lating action of the dendrimer. Also, it is found that
the growth process occurs in the presence of iodo-
benzene, whereas it is inhibited in the presence of
phenylboronic acid, the other reactant. On the basis
of these results, it is proposed?®®2-602 that the mecha-
nism of catalyzing the Suzuki reaction involves
phenylboronic acid binding to the nanoparticle sur-
face and reacting with the iodobenzene in solution.
Palladium nanoparticles stabilized with 1,5-bis[4,4'-
bis(perfluorooctyl)phenyl]-1,4-pentadien-3-one (I) have
been shown to be efficient recoverable catalysts for
the Suzuki reaction.”! Palladium nanoparticles that
are stabilized by a Keggin-type polyoxometalate have
also been used to catalyze Suzuki reactions ef-
ficiently.”2 Palladium nanoparticle-cored G-3 den-
drons were shown to be 90% unpassivated and were
found to inhibit metal agglomeration without affect-
ing chemical reactivity when catalyzing various Su-
zuki reactions.”%*

Another cross-coupling reaction that has been
catalyzed using transition metal nanoparticles in
colloidal solution is the Heck reaction®8¢:701,704=705,707-711
between alkenes and aryl halides for C—C bond
formation. The Heck reaction has also been
conducted mainly wusing palladium nano-
particles.686.701,704,707=710 Rythenium nanoparticles”®

and trimetallic (gold—silver—palladium) nanopar-
ticles™! have also been used as catalysts for the Heck
reaction. PAMAM—dendrimer encapsulated palla-
dium nanoparticles have also been used to catalyze
the Heck reaction and were found to be an efficient
catalyst in phosphine-free conditions.®®¢ Palladium
nanoparticles stabilized with 1,5-bis[4,4'-bis(perfluo-
rooctyl)phenyl]-1,4-pentadien-3-one (I) have been
used as efficient recoverable catalysts for the Heck
reaction between ethyl cinnamate and iodoben-
zene.™"! The palladium nanoparticle-cored G-3 den-
drons with their highly unpassivated surface have
also been used to efficiently catalyze Heck reac-
tions.™ Heck reactions have also been catalyzed with
palladium nanoparticles in the presence of ionic
liquids such as tetrabutylammonium bromide as the
solvent and tetrabutylammonium acetate as the
base.8%8799 Palladium nanoparticles encapsulated in
PPI dendrimers have been used to catalyze Heck
reactions between nonactivated aryl halides and
butyl acrylate, and the recovered nanocatalysts were
found to retain a significant fraction of their original
catalytic activity.”’® Figure 99 shows a HRTEM
image of the PPI dendrimer stabilized palladium
nanoparticles used to catalyze Heck reactions.
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Figure 99. High-resolution TEM image of palladium
nanoparticles stabilized with PPI dendrimers. Reprinted
with permission from ref 710. Copyright 2001 American
Chemical Society.

7.2.1.2. Electron-Transfer Reactions. Electron-
transfer reactiong?®68,570,5671,583,5694,712=715 h aye also been
catalyzed using transition metal nanoparticles in
solution. There have been studies using spheri-
cal 78571583 tetrahedral 568570571 and cubicd68570571
shaped platinum nanoparticles to catalyze the elec-
tron-transfer reaction between hexacyanoferrate(III)
ions and thiosulfate ions to understand what happens
to the nanoparticles during the course of the reac-
tion®70571583 gand also to determine the catalytic
activity.568571 Figure 100 shows TEM images of
tetrahedral, cubic, and spherical platinum nanopar-
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ticles, their shape distributions, and the activation
energy obtained when catalyzing the electron-trans-
fer reaction.

The tetrahedral nanoparticles with their (111)
facets and also a great fraction of surface atoms on
edges and corners are found to be the most catalyti-
cally active.’® The cubic nanoparticles with their
(100) facets and a very small fraction of surface atoms
on edges and corners are found to be the least
catalytically active. The spherical nanoparticles are
actually nearly spherical because they are composed
of many (111) and (100) facets with many edges at
their interfaces. As a result, the activation energy of
the nearly spherical nanoparticles is intermediate to
that of the tetrahedral and cubic nanoparticles. All
of these results were obtained at the early stages of
the reaction and before shape changes occur.? It has
been observed that during the course of the reaction,
there are changes in the tetrahedral and cubic
shapes®”® with corresponding changes in the activa-
tion energies.’”! Figure 101 shows HRTEM images
of tetrahedral and cubic platinum nanoparticles
before and after the reaction, and it can be seen that
there are distortions that occur in the corners and
edges of the two types of nanoparticles.

A size-dependent study has also been conducted
using platinum nanoparticles’’? to catalyze this
electron-transfer reaction. It was observed that par-
ticles below 38 nm exhibit a trend of decreasing
reaction rate with decreasing particle size, whereas
those above 38 nm show a steady decline of reaction
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Figure 100. TEM images and shape distributions of dominantly tetrahedral, cubic, and spherical platinum nanoparticles
(a, b; d, e; and g, h), activation energy obtained for catalyzing the electron-transfer reaction with tetrahedral, cubic, and
spherical platinum nanoparticles (c, f, and i). Reprinted with permission from ref 568. Copyright 2004 American Chemical

Society.
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Figure 101. HRTEM image of a tetrahedral platinum
nanoparticle before the electron-transfer reaction (a), after
the reaction (b), cubic platinum nanoparticle before the
electron-transfer reaction (c), and after the reaction (d).
Reprinted with permission from ref 570. Copyright 2004
American Chemical Society.

rate with increasing size. The authors propose that
when the nanoparticles are smaller than 38 nm,
there is a downward shift in the Fermi level with a
consequent increase in the band gap energy. As a
result, the nanoparticles require more energy to
pump electrons to the adsorbed ions for the electron-
transfer reaction. This leads to a reduced reaction
rate by the smaller nanoparticles. For nanoparticles
larger than 38 nanometers, the change in Fermi level
is not appreciable, and they exhibit less surface area
for adsorption due to the larger size of the nanopar-
ticles.

Platinum nanoparticles that are stabilized in an
aerosol—OT (AOT)—water—heptane system’'? have
also been used to catalyze this reaction. In this case,
it was observed that the initial rate of the reaction
increased linearly with the concentration of the Pt
nanoparticles and that the rate constant data sug-
gested that the rate-determining step occurs at the
surface of the Pt nanoparticles. In addition, citrate-
stabilized gold nanoparticles’471% were also used to
catalyze this reaction. It was found that the catalytic
rate increased linearly with the concentration of the
catalysts for gold nanoparticles of different sizes, and
the magnitude of the rate constant suggested that
the rate-determining step occurs at the gold nano-
particle surface.

7.2.1.3. Hydrogenation Reactions. Hydrogena-
tion reactions’6-720 are the most common reactions
that have been conducted using transition metal
nanoparticles in colloidal solution. Examples of some
types of hydrogenation reactions that have been
catalyzed with colloidal transition metal nanopar-
ticles include hydrogenation of benzene,”'6717 cy-
clooctene hydrogenation,”® hydrogenation of dehy-
drolinalool,”* hydrogenation of cinnamaldehyde,?2°
etc. There are many more kinds of hydrogenation
reactions that have been conducted and are too
numerous to list. Palladium and rhodium nanopar-
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ticles that are stabilized with plastic have catalyzed
the complete hydrogenation of benzene in the pres-
ence of supercritical carbon dioxide as the solvent and
were found to be highly efficient and reusable cata-
lysts.”6 Iridium and rhodium nanoparticles that were
formed and stabilized in the presence of ionic liquids
have been shown to be efficient catalysts for the
hydrogenation of arenes.”” Chitosan-stabilized plati-
num and palladium nanoparticles have been used to
catalyze the octene and cyclooctene hydrogenation
reactions, and it was observed that the catalytic
activity is greater when the platinum nanoparticles
are used as catalysts for both reactions.”® Poly-
(ethylene oxide)-block-poly-2-vinylpyridine micelles
filled with Pd nanoparticles were used as catalysts
for the selective hydrogenation of dehydrolinalool to
form linalool.”?

7.2.1.4. Oxidation Reactions. Oxidation re-
actions”!~7?7 are very important in many industrial
processes and have been catalyzed by transition
metal nanoparticles. Some oxidation processes that
are important in the color photography industry
include the oxidation of DMPPD72! and TMPPD,"22
which have been shown to be catalyzed by palladium
nanoparticles in water/AOT/heptane microemulsions.
The oxidation of ethylene has been conducted with
silver colloidal nanoparticles”? that are stabilized
with poly(sodium acrylate) and also with gold nano-
particles47% stabilized with sodium polyacrylate. It
was found that the rate of oxidation with polyacrylate
capped silver nanoparticles as catalysts increased
with increasing reaction temperature.” In the case
of PVP-stabilized silver nanoparticles catalyzing the
oxidation of ethylene, it was found that the addition
of alkali metal ions increased the catalytic activity
remarkably.”?* The cyclohexane tert-butyl peroxida-
tion reaction catalyzed with iron oxide nanoparticles
was found to occur at anaerobic conditions, and this
made it an interesting alternative to other methods
of catalyzing this reaction.”?® The oxidation of al-
kanes" has also been catalyzed by iron oxide nano-
particles in reverse microemulsions.

7.3. Heterogeneous Catalysis on Support

In heterogeneous catalysis, transition metal nano-
particles are supported on various substrates and
used as catalysts. There have been a number of
reviews that discuss various reactions conducted
using supported transition metal nanoparticles as
catalysts.”"737 There has been a review on highly
active supported transition metal nanocatalysts for
hydrogenations and enantioselective synthesis of
organic compounds.”?® Functional resins are reviewed
as potential supports for transition metal nanopar-
ticles as complements to traditional supports.”® The
effect of the support used on the catalytic activity of
monometallic and bimetallic nanoparticles has been
surveyed.”® The catalytic properties of transition
metal nanoparticles that are supported on oxide
supports have been reported.”! A review of supported
transition metal nanoparticles as catalysts for oxida-
tions and epoxidations has been conducted.”®? The
impact of nanoscience on heterogeneous catalysis has
been reviewed.”? The use of supported bimetallic
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Table 3. References to the Common Supports Used in
Heterogeneous Nanocatalysis and Examples of
Reactions Studied

important
factors
for supported
transition metal
nanoparticles examples
supports carbon738-749
silica750-758
alumina?59-767
titanium dioxide768-773
grafting onto polymeric support?74-781
lithogTaphicall}; fabricated onto
supports782-789
chemical fuel cell reactiong738-743,746,748,790-794
reactions oxidations739—740,791,795-800,802,804

hydrogenations?50.751,756,758,760,762,767,773,782784,789

reduction reactions?99,761,763,764,781,809
decompositiong744782,810-812

nanoparticles for catalyzing a variety of hydrogena-
tion reactions has been reviewed.” A review has
been conducted suggesting that the focus of transition
metal nanoparticles as catalysts in heterogeneous
catalysis should be on 100% selectivity of the product
to be formed.”® Adsorbate-induced restructuring of
supported transition metal nanocatalysts has been
surveyed.”® A survey of supported transition nano-
particles fabricated by using electron beam lithog-
raphy and pulsed laser deposition has been con-
ducted.””

There are three major ways through which hetero-
geneous transition metal nanocatalysts are pre-
pared: adsorption of the nanoparticles onto supports,
grafting of the nanoparticles onto supports, and
fabrication of nanostructures onto supports by litho-
graphic techniques. Some common supports that
have been used in the preparation of supported
transition metal nanoparticles include carbon,”8-749
silica,”0~78 alumina,”® 77 titanium dioxide,?68-773
grafting onto polymeric supports,’’4~78! and litho-
graphic fabrication’2-78 on supports. Table 3 gives
a summary of the different types of supports that
have been used to prepare supported transition metal
nanoparticles and also some common reactions that
have been catalyzed using supported transition metal
nanoparticles.

7.3.1. Lithographically Fabricated Supported Transition
Metal Nanocatalysts

Electron beam lithography”82~7%° has been used to
fabricate arrays of transition metal nanoparticles
onto different supports such as silica and alumina.
Platinum nanoparticles that are 50 nm have been
fabricated onto silicon wafers and have been used to
catalyze the ethylene hydrogenation at high pres-
sures.”27 Studies on the reaction intermediates and
surface restructuring of platinum nanoparticle arrays
formed on silica, alumina, and titania that are used
to catalyze olefin hydrogenations have been con-
ducted.” The stability of lithographically fabricated
supported silver arrays in both oxidizing and reduc-
ing conditions has been investigated.”® Twenty na-
nometer silver arrays supported on a silicon wafer
have been used to catalyze the ethylene epoxidation
reaction.”®® The thermal, chemical, and adhesion
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Figure 102. AFM images of the platinum nanoparticle
arrays fabricated using electron beam lithography (nano-
particle height = 15 + 2 nm with interparticle spacing of
100 £ 1 nm). Reprinted with permission from ref 789.
Copyright 2002 American Chemical Society.

stabilities of platinum nanoparticle arrays supported
on silica were studied.”” It was found that at high
temperature (1000 K) and high vacuum (10~7 Torr)
and in the presence of 1 atm of hydrogen gas, the
domain sizes within individual particles grew larger
without any noticeable deformation of the arrays.
Platinum nanoparticles that are lithographically
fabricated and supported on silica have been used to
catalyze the hydrogenation and dehydrogenation of
cyclohexane.”® Figure 102 shows AFM images of the
platinum nanoparticle arrays fabricated using elec-
tron beam lithography. The nanoparticles in the
arrays have an average height of 15 + 2 nm, and the
interparticle spacing is 100 = 1 nm. The ethylene
hydrogenation reaction has been catalyzed using
these nanoparticle arrays as catalysts, and the active
metal surface area in this type of nanocatalyst has
been determined on the basis of the calculated
turnover frequency.”®®

7.3.2. Chemical Reactions Catalyzed Using Supported
Transition Metal Nanocatalysts

Many different kinds of chemical reactions have
been catalyzed using heterogeneous transition metal
nanocatalysts. A major industrial area that utilizes
supported transition metal nanocatalysts is the fuel
cell industry for catalyzing fuel cell reactions. Some
types of reactions that have been catalyzed using



1088 Chemical Reviews, 2005, Vol. 105, No. 4

heterogeneous metal nanocatalysts include fuel

cell reactions,738-743,746,748,790-794 oxida-
tions,739-740,791,795-800,802,804 hydrogena-
tions,750,751,756,758,760,762,767,773,782-784,789 reduc-

tions,759.761,763-764,781809 decompositions, 4 782810-812 etc.
There are many other types of chemical reactions
that have been conducted using supported transition
metal nanoparticles in heterogeneous catalysis, but
due to the huge volume of literature, we will focus
only on the above reactions in this review. Table 3
summarizes some of the major reactions that have
been catalyzed using supported transition metal
nanoparticles.

7.3.2.1. Fuel Cell Reactions. Supported metal
nanoparticles have been widely used in catalyzing
many reactions associated with direct methanol and
ethanol fuel cells. A majority of the fuel cell
reactions?38-743,746,748,790-794,808 hayve been conducted
using transition metal nanoparticles that are sup-
ported on various forms of carbon. Some fuel cell
reactions that have been conducted using heteroge-
neous supported transition metal nanoparticles in-
clude methanol oxidation,738.742-743,746,748,790,792-794,808
oxidation reduction,”! etc. Platinum and platinum—
ruthenium nanoparticles supported on various forms
of carbon are the most commonly used supported
transition metal nanoparticles for catalyzing a vari-
ety of fuel cell reactions. Platinum and PtRu nano-
particles that are supported on Vulcan XC-72 carbon
have been used as catalysts for the methanol oxida-
tion reaction in direct methanol fuel cells (DM-
FCs).78743 Carbon-supported platinum nanoparticles
have also been used to catalyze the oxidation reduc-
tion reaction in solid polymer electrolyte fuel cells.”!
Platinum—ruthenium bimetallic nanoparticles sup-
ported on Vulcan XC-72 and carbon nanotubes have
been used as catalysts for the electro-oxidation of
methanol in DMFCs.742748,793 Platinum—ruthenium
bimetallic nanoparticles supported on carbon black
have also been used as catalysts for the electro-
oxidation of methanol.”6

Figure 103 shows high-resolution TEM images of
the platinum nanoparticles supported on carbon after
nanogluing with silica sol to form the Pt-modified
carbon—silica composite aerogels and both types of
nanoparticles after heating them to 900 °C.™° The
heating process is conducted to yield more uniformly
distributed platinum nanoparticles. This highly ac-
tive electrocatalytic architecture consisting of col-
loidal platinum-modified carbon—silica composite
aerogels has been shown to have electocatalytic
activity that is 4 orders of magnitude greater than
that of a native Pt-modified carbon powder.™° It has
been found that PtRu bimetallic nanoparticles are not
the most active for methanol electro-oxidation and
that a catalyst consisting of a mixture of Pt metal
and hydrous ruthenium oxide is more catalytically
active for this fuel cell reaction.”? Osmium and
platinum—osmium nanoparticles supported on car-
bon have been tested as potential methanol oxidation
catalysts in DMFCs, but were found to have low
catalytic activity.”*

7.3.2.2. Oxidation Reactions. Some common
oxidation reactions that have been catalyzed using
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Figure 103. High-resolution TEM images of the Pt
nanoparticles supported on Vulcan carbon (a), after nano
gluing with silica sol to form Pt-modified carbon—silica
composite aerogel, and both types of nanoparticles after
heating to 900 °C (c, d). Reprinted with permission from
ref 790. Copyright 2002 American Chemical Society.

supported nanoparticles are the CO oxidation
reaction,739-740,791,795-800,802.804 oxjidation of ethylene
glycol,792.793.803 gxidation of diesel soot,®! oxidation of
glycerol 8% oxidation of benzene,¢ and oxidation of
S0,.897 Gold nanoparticles supported on activated
carbon fibers have been found to be highly active for
the CO oxidation reaction.”® Gold nanoparticles
supported on various reducible and nonreducible
oxides have also been used to catalyze the low-
temperature CO oxidation reaction.”*® Gold-sup-
ported titanium dioxide composite aerogels have also
been shown to have high catalytic activity for the CO
oxidation reaction.”! When gold nanoparticles sup-
ported on silica are prepared using chemical vapor
deposition (CVD), it is observed that the nanopar-
ticles have enhanced catalytic activities for the CO
oxidation reaction compared to the nanoparticles
prepared using liquid-phase methods.” A compari-
son of the catalytic activity of gold nanoparticles
prepared using CVD and supported on silica, alu-
mina, and titania was conducted, and it was found
that there are no differences in the catalytic activity
for the oxidation of CO.7™ Gold nanoparticles sup-
ported on iron oxide and titanium dioxide have also
been used to catalyze the CO oxidation reaction and
were found to have different catalytic activities that
arise from changes in the gold nanoparticle size
distribution.”’ Gold nanoparticles that are deposited
onto metal oxides by liquid-phase grafting of di-Me
gold acetylacetonate have been shown to be highly
active for the CO oxidation reaction.”® Gold nano-
particle—nylon 11 nanocomposites supported on ti-
tania were shown to be highly active for the CO
oxidation reaction with a 50% conversion of CO.™
Gold nanoparticles supported on titanium dioxide
nanorods have also been used to catalyze the CO
oxidation reaction and were found to be as catalyti-
cally active as gold nanoparticles supported on spheri-
cal titanium dioxide nanoparticles.° Gold nanopar-
ticles supported on SBA-15 silica that is functionalized
with positively charged groups were shown to be
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more active for the CO oxidation reaction than other
silica supported gold nanoparticles that were pre-
pared using a solution technique.®2 The CO oxidation
reaction has also been catalyzed with Pt—Ru bi-
metallic nanoparticles, and it was found that the
rate-determining step was the oxidation of Ru atoms
on the PtRu nanoparticles.”® Platinum nanoparticles
adsorbed on alumina have also been used as catalysts
for the CO oxidation reaction.8%

Gold nanoparticles that were immobilized on ac-
tivated carbon and titania have been used as cata-
lysts for the oxidation of ethylene glycol to form
glycolate.”>73 Gold nanoparticles stabilized with
N-dodecyl-N,N-dimethyl-3-amino-1-propane sulfonate
and immobilized in activated carbon were found to
have superior catalytic activity for the oxidation of
ethylene glycol than other kinds of carbon-supported
gold nanoparticles.?3 The oxidation of diesel soot has
been catalyzed with gold nanoparticles supported on
vanadia—titania and vanadia—zirconia, and it was
observed that the catalytic activity was higher at
higher loadings of vanadia.?! Platinum, palladium,
and gold nanoparticles supported on activated carbon
and graphite have been used to catalyze the oxidation
of glycerol.8% Gold nanoparticles supported on vana-
dia—ceria have been used to catalyze the complete
oxidation of benzene and were found to have a high
and stable catalytic activity.’%¢ Titania-supported
platinum nanoparticles were shown to have a high
catalytic activity for the SO, oxidation reaction.8%7

7.3.2.3. Hydrogenation Reactions. Numerous
hydrogenation reactions750.751756,758.760,762,767,773,782—784,789
have also been catalyzed by many different types of
heterogeneous supported transition metal nanopar-
ticles. Some specific hydrogenation reactions that
have been catalyzed using supported transition metal
nanocatalysts include hydrogenation of benzene,%758
hydrogenation of cinnamaldehyde,! hydrogenation
of N-heterocycles,”®® hydrogenation of arenes,”® hy-
drogenation of propene,’%%7%7 hydrogenation of cro-
tanaldehyde,””® ethylene hydrogenation,’8%784789 hy-
drogenation of olefins,83808 etc. There are many more
kinds of hydrogenation reactions that have been
catalyzed using supported transition metal nanopar-
ticles, and the above reactions mentioned are ex-
amples of some typical hydrogenation reactions.
Nickel and palladium nanoparticles supported on
silica have been used as catalysts for the hydrogena-
tion of benzene.™%758 Palladium nanoparticles sup-
ported on silica monolith have been used to catalyze
the hydrogenation of cinnamaldehyde.”! Silica-sup-
ported ruthenium nanoparticles were shown to be
efficient catalysts for the hydrogenation of N-hetero-
cycles and simple aromatic hydrocarbons, but were
found to be unsuccessful in catalyzing the hydroge-
nation of S-heterocycles.”® Alumina-supported ru-
thenium nanoparticles were also used to catalyze the
hydrogenation of arenes such as methyl benzoate and
2-(methoxycarbonylphenyl)-1,3-dioxane.” Platinum
nanoparticles prepared using the hydrogen reduction
method and supported on alumina have been used
to catalyze the propene hydrogenation reaction.”62767
Silica- and titania-supported silver nanoparticles
have been used as catalysts for the hydrogenation of
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crotanaldehyde, and it was determined that this
reaction is structure-sensitive with the rate-deter-
mining step depending critically on the silver nano-
particle size and surface structure.” Arrays of disk-
shaped platinum nanoparticles on silicon wafers that
were prepared using electron beam lithography (EBL)
have been used as catalysts for the hydrogenation of
ethylene at high pressures.”?-8* Arrays of platinum
nanoparticles on alumina support that were prepared
by EBL were also used to catalyze the ethylene
hydrogenation reaction and were used to determine
the active metal surface area in the nanoparticles.”®

7.3.2.4. Reduction and Decomposition Reac-
tions. There are many kinds of reduc-
tion59.761,763,764771.809 5 decompositionT44772810-812
reactions that have been catalyzed by heterogeneous
supported transition metal nanocatalysts. Some
types of reduction reactions include NO reduc-
tion,79,761,763,764809 reduction of SO.,7"2 etc. Some
decomposition reactions that have been catalyzed
using heterogeneous supported transition metal nano-
particles include decomposition of methane,”** de-
composition of formic acid,””? decomposition of chlo-
rodifluoromethane,?'® ammonia decomposition,3!!
decomposition of acetylene,?'? etc.

The relationship between the morphology of alu-
mina-supported platinum nanoparticles and their
catalytic activity was investigated for the NO reduc-
tion reaction. For the mainly cubic Pt nanoparticles,
it was found that there was a conversion of the low
index facets to higher plane facets, and this was also
associated with substantial changes in the catalytic
activity and selectivity of the products obtained.”®
Platinum nanoparticles of different morphologies
that are supported on alumina have been used as
catalysts for the NO reduction reaction, and it was
observed that the catalytic behavior can be tuned by
the morphology of the nanoparticles.”® Alumina-
supported ruthenium nanoparticles were found to
have high catalytic activity and selectivity for the NO
reduction reaction.”3764 Platinum—rhodium bimetal-
lic nanoparticles were also used to catalyze the NO
reduction reaction, and it was found that alloys with
a higher percentage of Pt are more catalytically active
than pure Pt nanoparticles.8% On the other hand,
alloys with a greater percentage of Rh were found to
have a low catalytic activity for this reaction. The SO,
reduction reaction has been catalyzed using titania-
supported ruthenium sulfide nanoparticles, and it
was found that this catalyst has high catalytic
activity even at low temperatures.”!

Palladium and nickel nanoparticles supported on
oxidized diamond have been used as catalysts for the
methane decomposition reaction to produce carbon
nanowhiskers.”* Figure 104 shows TEM images of
carbon nanowhiskers that have been formed during
the decomposition of methane with nickel and pal-
ladium nanocatalysts supported on oxidized diamond.

Titania-supported palladium nanoparticles were
used to catalyze the formic acid decomposition reac-
tion, and it was found that the catalytic activity for
the supported Pd nanoparticles is slower than for Pd
single crystals.”” This could be due to alloying with
Ti originating from the interstitial Ti®" cations in the
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Figure 104. TEM images of carbon nanowhiskers that
have been formed during the methane decomposition
reaction catalyzed by nickel nanoparticles supported on
oxidized diamond (a) and palladium nanoparticles sup-
ported on oxidized diamond (b). Reprinted with permission
from ref 744. Copyright 2003 American Chemical Society.

oxide. This results in a reduced electron density at
the Fermi level of the nanoparticles. Gold nanopar-
ticles supported on thiol-functionalized titanium
oxide—zirconium oxide were tested as catalysts for
the chlorodifluoromethane decomposition reaction
and were found to have only a small increase in
selectivity of the products obtained compared to
without the catalyst.81® Small ruthenium nanopar-
ticles supported on carbon nanotubes have been
found to be highly active and stable for catalyzing
the ammonia decomposition reaction.?!

8. Summary

This review is intended to demonstrate the rich-
ness and maturity that nanoscience and nanochem-
istry in particular have achieved in recent years.
Although the elemental composition and size control
of nanostructures have been a major topic over the
past decade, it is the shape that is now a third major
coordinate in the chemistry of nanostructures. This
clearly enriched the field of nanochemistry enor-
mously, which is reflected in a large number of recent
books and overview-type papers. Below, we present
a short survey of the different reviews and books
written in the field as a summary.

8.1. Reviews

Numerous reviews have been written about the
synthesis and properties of different kinds of nano-
particles such as metal nanoparticles, semiconductor
nanoparticles, and carbon-based nanoparticles. There
have also been many reviews written about nano-
particles in general. Table 4 summarizes the refer-
ences to the reviews that have been written about
the different kinds of nanoparticles.

8.1.1. Synthesis

8.1.1.1. Metal Nanoparticles. There have been
many reviews on the synthesis of metallict13.813-819
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Table 4. References to Review Articles and Books
That Have Been Written on Different Kinds of
Nanoparticles

publishing medium type of nanoparticles

review articles on the metal nanoparticles*613.813-819,828
synthesis of semiconductor nanoparticles820-825
nanoparticles carbon-based nanoparticles?!3.826-832

review articles on the metal nanoparticles?60:281,833-839
properties of semiconductor nano-
nanoparticles particles?311:323,329.462,463,810-850
carbon-based nanoparticles?57.851-865

review articles on
nanoparticles
in general
books metal nanoparticles®”7.878
semiconductor nanoparticleg308.878-887
carbon-based nanoparticles®8-897
nanoparticles in general898-921

nanoparticles in genera]866-876

nanoparticles. Some reviews deal with the synthesis
of metallic nanoparticles in general 81382 Some re-
views deal with the synthesis of gold nanopar-
ticles.814817 The synthesis of dendrimer encapsulated
metal nanoparticles has been reviewed.f'® The use
of lithographic techniques to fabricate metallic nano-
particles has also been surveyed.816.817.819

8.1.1.2. Semiconductor Nanoparticles. Many
reviews have also been written on the synthesis of
semiconductor®?°=82 nanoparticles. Some reviews
deal with the synthesis of quantum dot semiconduc-
tor nanoparticles,?20-822824 ywhereas another discusses
the synthesis of semiconductor nanowires and nano-
tubes.23 The synthesis of semiconductor nanocrystal
superlattices has also been surveyed.82®

8.1.1.3. Carbon Nanotubes and Nanoparticles.
Because many papers have been written in this
active field, we did not include it in this review. Here
we give references to only some of the reviews.
Numerous reviews have been written on the synthe-
sis of carbon-based?!3:826-832 nanotubes and nanopar-
ticles. A review has also been written on the synthe-
sis of carbon nanocones.®?”

8.1.2. Properties

8.1.2.1. Metal Nanoparticles. Many reviews have
been written on the properties of metal nano-
particles.260,281,833-839 The agsembly of metallic nano-
particles has been surveyed.?33838 A review on the
crystal structure of gold nanoparticle arrays has been
conducted.?8! The optical properties and ultrafast
dynamics of metal nanoparticles have been re-
viewed.?60837 The properties of gold nanoparticles and
its applications in biology, catalysis, and nanotech-
nology have been surveyed.??* The potential for using
metal nanoparticles for optical devices is examined.?%
The photocatalytic aspects of metal nanoparticles
have been reviewed.?2¢ The synthesis, properties, and
applications of one-dimensional metal nanostructures
have been surveyed.8%?

8.1.2.2. Semiconductor Nanoparticles. Many
reviews have been published on the properties of
different  kinds of  semiconductor  nano-
particles.?311,323,329,462,463,.8410-850 The interfacial charge
carrier dynamics of semiconductor nanoparticles has
been reviewed.3?%463 The size- and composition-de-
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pendent properties of semiconductor nanoparticles
have been examined.?*’ The luminescent properties
of semiconductor nanocrystals have been sur-
veyed.?40847 A review has been conducted on the size
and shape of strained germanium nanoparticles
grown on silica substrate.®*! The spectroscopy of
single CdSe nanocrystals has been examined.?*? The
characterization of semiconductor nanoparticles has
also been reviewed.343848 A survey of semiconductor
nanoparticles and their applications has been con-
ducted.??!! The self-assembly of semiconductor nano-
particles is surveyed.’** The hot electron dynamics
of quantum wells and quantum dots is examined.52
The tunneling and optical spectroscopy of semicon-
ductor nanoparticles has also been reviewed.?*> Mag-
netic resonance studies on semiconductor nanopar-
ticles have been conducted.®46:850 The photophysics of
semiconductor nanoparticles has been examined.®°

8.1.2.3. Carbon Nanotubes and Nanoparticles.
Many review articles have been written on the
properties of carbon-based?>7:851-865 nanotubes and
nanoparticles. The characterization of carbon nano-
tubes using electron microscopy has been exam-
ined.®®! The properties of carbon nanotubes and
applications have been reviewed.257,852.856-858,860-864
Chemical doping of carbon nanotubes has been
studied.®? The molecular electronic applications of
carbon nanotubes have also been surveyed.??* Defects
in carbon nanotubes have been studied.®® The Ra-
man spectroscopy of single carbon nanotubes has
been surveyed.8%° The ballistic conduction properties
of carbon nanotubes have also been studied.?®®

8.1.3. General

Several reviews have been published on nanopar-
ticles in general.366-876 The synthesis of nanoparticles
in general has been reviewed.?% The properties and
applications of functional oxide nanobelts have been
surveyed.?” The self-assembly of nanostructures has
been examined.’8870 Scanning probe microscopy
studies of single nanostructures have been con-
ducted.?%® Nanoengineering of particle surfaces has
also been studied.?”! The applications of nanoparticles
have also been reviewed.82873 The use of transmis-
sion electron microscopy in characterizing nanopar-
ticles has been examined.’4875 The self-assembly of
coated nanoparticles has also been surveyed.?76

8.2. Books

Many books have been written on different types
of nanoparticles such as metal nanoparticles, semi-
conductor nanoparticles, and carbon-based nanopar-
ticles. Numerous books have also been written on the
synthesis, properties, and applications of nanopar-
ticles in general. Table 4 summarizes the books that
have been written about the different kinds of nano-
particles.

8.2.1. Metal Nanoparticles

There have been a couple of books that have been
written on metal nanoparticles.8”787® A book on the
synthesis, characterization, and applications of metal
nanoparticles has been written.8”” It also focuses on

Chemical Reviews, 2005, Vol. 105, No. 4 1091

the structural, optical, and electronic properties of
the nanoparticles and emphasizes that the size,
shape, and surface chemistry can affect the perfor-
mance of the nanoparticles. In another book, the
synthesis, electronic, and optical properties of metal
nanoparticles have also been examined.?”® It docu-
ments advances in nanocrystal synthesis and as-
sembly and discusses various applications such as
optical amplification and bio-labeling.

8.2.2. Semiconductor Nanoparticles

Many books have been written on semiconductor
nanoparticles.3%8878-887 The synthesis, electronic, and
optical properties of semiconductor nanoparticles
have been discussed in many books,308.878.879,882.887 The
optical properties of quantum dots with coverage of
both theoretical and experimental results have been
examined in great detail.?”® The synthesis of quan-
tum dots and their applications in photovoltaic and
electroluminescent devices have been reviewed.?’8
The optical properties of quantum-confined semicon-
ductor nanostructures have been discussed from both
a theoretical and experimental point of view.8”® The
theory, spectroscopic investigation, and methods of
producing semiconductors such as quantum dots, IT—
IV semiconductors, and photonic crystals have been
examined.?¥ One book examines synthetic strategies
and characterization methodologies for ultrasmall
semiconductor nanoparticles, films, and wires as well
as the fate of photoinduced charge carriers in these
materials and the phenomena of charge transfer
across interfaces.3%7

Books have also been written on quantum dots and
nanowires.880.881,883-8%6 Some emerging aspects of
quantum dots and nanowires such as advances in
physical and chemical synthetic approaches, process-
ing and fabrication of quantum-dot arrays, self-
assemblies, spectroscopic characterization, and their
properties have been examined.®¥ One book provides
comprehensive reviews on many aspects of quantum
dot systems such as their growth, structure, self-
assembly, energy states, and optical properties.58!
The properties of quantum dots have also been
discussed in great detail.8838% The key phenomena
and principles of quantum dots have been examined
such as their fabrication, self-organization, geometric
structure, chemical composition, theoretical and ex-
perimental properties, and their use for photonic
devices.?¥ Another book focuses on the theoretical
study of size confinement, dipole interaction, spin—
orbital coupling, third-order linearities, and the
influence of lattice phonons and external magnetic
fields on quantum dots grown on glass and also
comments on the experimental results that have been
obtained.5%6

8.2.3. Carbon Nanotubes and Nanoparticles

There have been many books written on carbon-
based nanotubes and nanoparticles.38-%7 A book has
been written on the use of electron microscopy to
characterize carbon nanotubes.®8 Many books have
been written on the properties and applications of
carbon nanotubes.?89-891.893-897 Many important areas
of carbon nanotube research have been covered such
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as the synthesis and growth mechanisms as well as
theoretical approaches to the electronic properties
and structure.®® One book provides a comprehensive
review on the status of carbon nanotube research and
discusses various synthetic techniques and growth
mechanisms.?° The synthesis of carbon nanotubes,
their mechanical, chemical, and electronic properties,
and their applications have been examined.?! The
physics of fullerene and fullerene-based nanomate-
rials have been examined.?? One book focuses on the
basic principles behind the physical properties of
carbon nanotubes and also discusses their transport
and elastic properties.8% Other carbon nanostruc-
tures such as carbon nanocapsules, onion-like graph-
ite particles, and metal-coated fullerenes are dis-
cussed in addition to the traditional carbon nano-
tubes.8* This textbook introduces the physical con-
cepts that are needed for investigating carbon nano-
tubes and other one-dimensional solid-state systems
and gives a combined theoretical and experimental
description of topics such as luminescence, Raman
scattering, and transport measurement.8%

8.2.4. Nanoparticles in General

Numerous books have also been written about
nanoparticles in general.8%921 Books have been
written on the application of nanoparti-
cles.898.899.904,909.913-914.916.921 The synthesis, assembly,
fundamental physical properties, and pragmatic ap-
plications of nanoparticles have been discussed in
great detail from a chemist’s standpoint rather than
one oriented toward materials science or physics.898
A reference book has been published that provides
fundamental knowledge of nanoscopic materials and
covers topics such as metal nanoparticles for cataly-
sis, synthesis for microemulsions, spectroelectro-
chemistry of semiconductor quantum dots, properties
and applications of Langmuir—Blodgett films, and
magnetic thin films.?% A book has been written on
the use of nanoparticles in catalysis and electroca-
talysis.?® The synthesis, characterization, and prop-
erties of nanoparticles have been discussed as well
as applications in single-electron devices, ultradense
recording media, bioelectronic sensors, and biolabel-
ing.%2 Advances in molecularly designed nanostruc-
tured materials have been covered such as flame
synthesis of nanosized powders, nanodispersed metal
nanoparticles in polymeric matrices, and monodis-
perse sol—gel materials.?” One book focuses on
nanostructures and how they can be synthesized and
also discusses useful implementations and applica-
tions of nanotechnology.!! The innovative synthesis
of nanomaterials, characterization, and some of their
properties such as quantum size effects, superpara-
magnetism, and field emission have been covered.®!?
The synthesis and processing of different classes of
nanomaterials as well as their mechanical, magnetic,
electronic, optical, chemical, and structural properties
have been discussed.”* A reference book has been
written on the bottom-up approach to designing
nanostructured systems for a variety of chemical,
physical, and biological applications.?*?

There have also been books written about nano-
particles in a general manner,9017906,908-912,915,917,919,921
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Supramolecular and other approaches for synthesiz-
ing polymer colloids have been covered along with
an emphasis on the use of the polymer colloids for
biological and biomedical applications.?®! Develop-
ments in nanoscale and molecular electronics, bio-
technology, carbon nanotubes, and nanocomputers
have been examined.?? Books have also been written
on self-assembled nanoparticles.?*® The synthesis of
nanoparticles and controlling their morphology has
been reviewed.?* An introductory textbook has been
written that covers the basic background on nano-
particles and also covers topics such as molecular
nanotechnology, nanomaterials and nanopowders,
nanoelectronics, and nanobiomimetics.?® The science
and technology of nanostructured metallic and ce-
ramic materials have been examined such as the
synthesis, characterization, assembly, properties, and
applications.??® A book has been written on nano-
structured materials such as nanocrystals, semicon-
ductor heterostructures, nanotubes, and nano-
wires.?” The course of nanoscience research has been
delineated, and a vision has been articulated for the
development of nanoscale frontiers in electronics,
mechanics, chemistry, magnetics, materials, and
biology.?%® Many nanotechnology areas have been
covered such as the synthesis and characterization
of nanomaterials, quantum theory, nanocomposites,
and applications in electronics, sensors, ceramics,
magnetics, polymers, and membranes.”® Many as-
pects of nanoclusters and nanocrystals have been
covered such as their fabrication, morphology control,
growth mechanism, spectroscopic characterization,
physical properties, and potential industrial applica-
tions.?13 Novel nanostructures such as fullerenes,
nanotubes, nanocomposites, and semiconductor nano-
structures have been reviewed.?’® There has also been
a book on the characterization of nanomaterials and
their assemblies.”’® A book has been written that
details the developments that will revolutionize many
industrial processes and products currently used.’?°
The nanoengineering of nanomachines, nanoclusters,
functional nanostructures, and their characterization
have been examined.’?® Table 4 summarizes some
important articles, books and reviews regarding the
important areas in this part of this field.
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