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a b s t r a c t

Hybrid semiconductor nanomaterials (HSNs) possess unique and interesting optical properties and func-
tionalities that find important applications in emerging technologies. Compared to single component
nanomaterials, hybrid nanomaterials offer the possibility and flexibility to control their properties by
varying the composition of the materials and related parameters such as morphology and interface.
Hybrid nanomaterials are essentially composite materials with relevant physical dimensions for the inter-
face region between different components on the atomic up to nanometer scales, the same length scale of
nanomaterials. This article provides an overview of some of the fundamental optical properties of hybrid
semiconductor nanomaterials as well as their exploitation for potential applications in different fields. A
number of examples from recent research are discussed to illustrate the points of interest and to highlight
the salient features of HSNs.

© 2009 Elsevier B.V. All rights reserved.

. Introduction

.1. Motivation for hybrid semiconductor nanomaterials (HSNs)

Nanomaterials have interesting properties and useful function-
lities that can differ substantially from their bulk counterparts.
or instance, spatial quantum confinement effect results in signifi-
ant change in optical properties of semiconductor nanomaterials.
ikewise, the very large surface-to-volume (S/V) ratio has major
nfluence on their optical and surface properties. As a result, semi-
onductor nanomaterials have attracted significant attention in
esearch and applications in areas including energy conversion,
ensing, electronics, photonics, and biomedicine. Parameters such
s size, shape, and surface characteristics can be varied to control
heir properties for different applications of interest.

For many applications, it is highly desired to be able to control
nd alter the properties and functionalities of nanomaterials with
reater flexibility and possibility. One approach is to use hybrid
anomaterials that have properties different from those of single
omponent nanomaterials. The use of multiple components offers
higher degree of flexibility for altering and controlling proper-

ies and functionalities of nanomaterials. Hybrid nanomaterials
an be generally defined as nanomaterials that contain more than
ne single component. Examples include doped nanomaterials and
omposite nanomaterials. For many emerging technologies, hybrid
anomaterials with improved optical and electronic properties are
eeded, including solar energy conversion, optical devices, optical

maging, and biomedical detection and therapy.
Hybrid nanomaterials have many different useful properties and

hybrid nanomaterials that contain an inorganic semiconductor as
one of its components. Thus, the emphasis is on optical properties
and applications of hybrid semiconductor nanomaterials (HSNs).

1.2. Energetic and structural nature of HSNs

The different components in HSNs have apparently differ-
ent chemical and physical properties. Following the conventional
classification of materials as metal, semiconductor and insula-
tor, one can have hybrid nanomaterials with two components of
metal–semiconductor, metal–insulator, semiconductor–insulator,
and so on. They could also be composed of two different metals
or two different semiconductors, etc. Of course, a hybrid system
can also be composed of multiple components.

The difference in optical properties between hybrid nanoma-
terials and their constituent components depends largely on the
chemical nature of each component as well as how the two or more
components interact with each other. The interaction between
the components depends strongly on characteristics such as inter-
face, size, shape, and structure. In the extreme case of no or little
interaction between the components, the optical properties of the
composite should be equivalent to a simple sum of the optical prop-
erties of the individual components. In cases where the interaction
between the components is strong, the optical properties of the
composite system can differ substantially from the simple sum of
the properties of the individual components. The characteristics of
the individual components are lost and new feature arise as a result
of the strong interaction. For example, new absorption and emis-
pplications. In this review, we focus on optical properties and
elated functionalities and applications. In principle, the constitut-
ng components can be insulators, semiconductors, or metals. The
omponents can also be classified as inorganic, organic, or biolog-
cal. Due to space limitation, we will further restrict ourselves to
sion bands may appear in the absorption and emission spectra of

hybrid nanomaterials as compared to the individual components.
This can be rationalized by considering the interaction as a pertur-
bation and the starting individual components as the zeroth-order
system.
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Fig. 1. Illustration of the energy levels of the zeroth-order systems, a and b, vs. those
of the resulting hybrid material for a two-component system. The energy difference
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etween 1 and 2 depends on how strong the interaction is between a and b; stronger
nteraction between a and b results in large energy difference between 1 and 2 and
he new states for the composite are more dissimilar to the zeroth-order states a
nd b.

For example, in a simple two-component system consisting of
wo different materials A and B, their interaction can be considered
s a perturbation or coupling energy V. If the zeroth-order wave-
unctions are labeled as  a and  b and the new composite system

avefunctions labeled as 1 and 2 for the lower and higher energy
tates resulting from the two initial zeroth order states, applying
erturbation theory then gives us the following:

1 = c1 a + c2 b (1)

2 = c′1 a + c′2 b (2)

he coefficients in the above two equations depend on the strength
f perturbation V. This is similar to the treatment of molecular
rbitals for a heterodiatomic molecule from atomic orbitals of two
ifferent atoms. In general, the stronger V is, the more different the
ew states from the zeroth-order states. Fig. 1 shows a schematic of
he energy level involved in such a simple two-component system.

Most hybrid systems are featured with moderate interaction.
n such cases, the optical properties of hybrid materials may still
esemble those of the individual components while some changes

ay occur or new features may arise, but usually not to the degree
s in the strongly interacting case. For example, absorption and/or
mission bands of the hybrid system will likely exhibit modest
hanges compared to those of the original components, e.g. spec-
roscopic shift or line width broadening.

Since this review focuses on inorganic hybrid semiconductor
anomaterials, the systems to be discussed will have at least one
omponent that is an inorganic semiconductor nanomaterial. We
ill exclude alloys that are atomic level hybrid materials. The hybrid

ystems to be discussed are made up of at least two components and
ach composite retains its chemical identity with physical dimen-
ion on the few to a few hundred nm scales. We further restrict
o situations where at least one component is nanocrystalline,
hich is considered as the primary component. If non-crystalline

omponents are present, e.g. passivating molecules, they will be
onsidered as secondary components. By doing so, systems that are
ntirely amorphous, i.e. non-crystalline, on the atomic scale will be
xcluded. The electronic energy levels or structure in the hybrid
ystem is dependent on the crystal structure of the individual com-
onents

Besides energetic properties, inter-component structural or

orphological properties of hybrid nanomaterials are also impor-

ant in determining their properties and functionalities. Fig. 2 shows
n illustration of a simple two-component system in which each
omponent is crystalline. Of course, most real hybrid nanomateri-
ls have more complex compositions and structural features, with
Fig. 2. Schematic of a two-component hybrid system with no structural order, e.g.
aggregates (left), and with order, e.g. a superlattice (right), between the individ-
ual nanoparticles of the two components that are assumed to be spherical and
crystalline. The ordered structure is basically a binary superlattice structure.

specific examples given later. The case on the left of Fig. 2 has no
long-range order among the constituting nanoparticles while the
case on the right does. The two systems illustrated can have quite
different properties due to their difference in structure [1].

A special note should be made about the distinction between
semiconductors and insulators, particularly when applied to metal
oxides (MOs). Some MOs are insulators while others are consid-
ered as semiconductors, depending on their bandgaps. There is
no clear-cut about what the bandgap energy should be in distin-
guishing semiconductors and insulators, even though 3.5–4.0 eV is
usually chosen somewhat arbitrarily as the dividing point [1]. Mate-
rials with bandgap larger than this number are often considered as
insulators while those smaller semiconductors. Sometimes, a given
MO with a fixed bandgap can be considered as insulator or semi-
conductor, depending on the relevant context. Also, the bandgap
energy could differ depending on if it is defined optically or elec-
trically. For example, TiO2 and ZnO are considered as insulators
optically in most contexts due to weak or no visible absorption.
However, they are often considered as wide bandgap semiconduc-
tors also because of their electrically semiconducting properties
usually caused by doping. Furthermore, when they are hybridized
with a small bandgap semiconductor such as ZnSe or metal such
as gold, it is more convenient to treat TiO2 and ZnO as insulators
since the optical and electrical properties for such systems will
be dominated by the small bandgap semiconductor or metal. In
this article, we will consider MOs mainly as insulators since the
focus is on optical properties and application. In some context, it
is more appropriate to consider some MOs, such as TiO2 and ZnO,
as semiconductors and proper justification will be given when this
occurs.

1.3. Synthesis of HSNs

In the interest to save space and stay focused, this review will not
provide a detailed discussion of synthesis and characterization of
nanomaterials including HSNs. However, a brief discussion is given
to make the text self-contained and better connected to the discus-
sion of optical properties and applications later. Synthesis of HSNS
is presented next with characterization presented in the following
section.

Methods for synthesis and fabrication of nanomaterials can be
roughly divided into and gas- or vapor-based (chemical or physical)
and solution-based (usually chemical). Gas- or vapor-based tech-
niques include chemical vapor deposition (CVD), metal–organic
CVD (MOCVD) [2–10], and molecular beam epitaxy [11,12].

Solution-based techniques include precipitated hydrolysis, melting
and rapid quenching, hydrothermal, and thermal decomposition.
In solution-based synthesis, two critical steps involved are initial
nucleation and subsequent growth [13], which apply for metal,
semiconductor or insulator. The properties of the nanomaterials
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roduced, e.g. size, shape, and crystal structure, can be varied by
ontrolling the nucleation and growth processes.

For metal nanomaterials, the synthesis usually involves reduc-
ion of metal salts or metal ions by appropriate reducing agents
n solution. Simple reduction reactions usually produce small
early spherical nanoparticles [14–20]. For large nanoparticles, the
echnique of seed-mediated growth has been developed [21–25].
or more complex shaped structures, such as nanorods, aggre-
ates, hollow nanospheres, nanowires, nanocages, nanoprisms,
nd nanoplates, the synthesis is typically more involved, includ-
ng using surfactants such as cetyltrimethylammonium bromide
CTAB) [26–31] or galvanic replacement [32–37].

For semiconductor nanomaterials (quantum dots, QDs or
anocrystals, NCs), the synthesis methods vary depending on the
ature of the semiconductor. For semiconductors such as Si and
e that involve only one element, their synthesis usually involve

eduction of a salt of the corresponding element with appropri-
te reducing agent or decomposition of precursor compounds,
hich is similar to the synthesis of metal nanomaterials [38–42].

n a typical synthesis of binary semiconductors such as II–VI and
II–V semiconductors, reactants or molecular precursors containing
he desired cation and anion components are mixed in an appro-
riate solvent to produce the nanostructures of interest [43–50].
urfactant or capping molecules are often used to stabilize the
anoparticles or to direct particle growth along a specific crystal
lane to produce nanospherical structures [51]. Nanoparticles in
queous solutions tend to have a high density of defects or trap
tates and low overall photoluminescence (PL) yield. Their optical
roperties, especially PL, are usually sensitive to pH of the solu-
ion [52]. Recently, synthesis of semiconductor nanomaterials in
rganic solvents has produced various high quality nanoparticles

n terms of size monodispersity, surface properties, and PL yield.
he organic solvents are usually mixtures of long chain molecules,
.g. alkylphosphines, R3P, alkylphosphine oxides, R3PO (R = butyl or
ctyl), and alkylamines [43]. For instance, highly monodisperse and

uminescent II–VI semiconductors such as ME (M for metal such as
d and Zn and E for S, Se, and Te) have been synthesized by inject-

ng liquid metal–organic precursors containing M and E into hot
around 150–350 ◦C) coordinating organic solvents [13].

For insulator nanomaterials, the general synthetic strategy is
ery similar to that used for synthesizing semiconductors. Most
nsulator nanomaterials are based on binary compounds, e.g. ZrO2,
nd their synthesis in solution involves reaction between reactants
ontaining the appropriate cation and anion components [53]. Solu-
ion methods, e.g. hydrolysis, are most commonly used for making

O nanoparticles or other shaped nanomaterials, e.g. TiO2, ZnO,
O3, and SnO2 [54–59] As a complementary method, hydrother-
al synthesis is also often used for making MO nanomaterials

60–65], which is particularly useful for making non-spherical par-
icles such as one-dimensional (1D) nanostructures [66–68].

Specific for HSNs, the synthesis is usually based on either a
equential, step-wise approach or simultaneous, one-pot or one-
tep approach. In a sequential approach, the different components
re synthesized first separately or in different steps, and the hybrid
ystem is produced at the end. This is the more commonly used
ethod. In the one-pot approach, all the reactants are added simul-

aneously and the different components are produced at the same
ime.

The sequential approach has often been used to make
core/shell” structures, a class of unique hybrid nanostructures that
ontain two different types of materials, one as the core and another

s the shell. Various combinations of core/shell structures can result
rom using metal, semiconductor, or insulator for the core or shell,
r just two different metals, semiconductors, or insulators for the
ore and shell [69–71]. The shell is usually used to alter the prop-
rties of the core for different applications of interest. For example,
Reviews 253 (2009) 3015–3041

CdSe/ZnS was studied as a system to enhance PL stability and yield
of CdSe as well as to lower the toxicity since ZnS is less toxic than
CdSe [72–74]. The shell semiconductor is usually chosen to have
larger bandgap and lower toxicity compared to the core semicon-
ductor. For example, CdSe NCs were overcoated with a shell of
ZnS [72–78], ZnSe [79], or CdS [47,80], which resulted in dramatic
improvements in luminescence efficiency of CdSe [73]. More com-
plex structures, such as core/shell/shell, can also be produced, e.g.
CdS/HgS/CdS [81,82]. The detailed crystal structures of the shells
are usually not as well identified as the core due to their thin-
ness. In many cases, the shells are polycrystalline. Other examples
of core/shell hybrid nanomaterials include CdS/TiO2 [83], CdS/Au
[84], TiO2/Pt [85], TiO2/Au [86], TiO2/CdSe [87], CdSe/SiO2 [88],
CdTe/SiO2 [89], and Au/SiO2 [90–92]. In synthesis, the shell is pro-
duced after the core in a sequential manner.

Another use of the sequential approach is for surface modifica-
tion of nanostructures post synthesis. One example is silanization,
i.e. coating of a silica layer on the nanostructure surface [93–96].
Surface modification is often necessary for specific applications.
For instance, while QDs synthesized in organic solvents tend to
have higher quality in terms of lower density of surface trap
states and thus higher PL yield, their hydrophobic surfaces are not
compatible with applications that require QDs with hydrophilic
surfaces, e.g. biological applications involving aqueous environ-
ment. In order to render QDs with hydrophobic surface hydrophilic,
a number of strategies have been developed, including ligand
exchange [97–100], silanization [101–103], and surface coating
using amphiphilic polymers or surfactants such as phospholipids
[104–107]. All these strategies for surface modification result in
practically hybrid nanostructures with the primary component
being a semiconductor, at least in terms of optical properties of
interest.

For one-pot approach to synthesizing HSNs, a good example
is synthesis of doped semiconductor nanomaterials [108]. Doping
refers the process of intentionally introducing a small amount of a
foreign or different element into a host material. For example, B or
N can be introduced into Si as a way to alter its chemical composi-
tion and, more importantly, to influence its properties, e.g. optical
and electronic. Another major use of doping is in phosphors based
on binary semiconductors such as ZnS with dopants such as Cu,
Mn, and Ag ions [108–119]. For doped nanomaterials, the method is
often only slightly altered from that used for undoped semiconduc-
tor synthesis. The main modification is that the dopant element is
introduced during synthesis. For doping to be successful, the dopant
needs to be compatible to the host material. Similarly, many MO
semiconductors and insulators have been successfully doped with
different elements such as Gd3+ [55], N [120–124], C [125], and Tb3+

[126]. For example, Cu-doped ZnO NCs were synthesized using cop-
per acetate and zinc acetate as the Cu and Zn sources, respectively,
through hydrolysis using sodium hydroxide and with isopropanol
as a solvent [127].

More complex nanostructures can also be produced but usu-
ally involve multiple steps and processes such as self-assembly
[128–132]. Discussion of synthesis of such structures is beyond the
scope of this review.

1.4. Characterization of HGNS

Many techniques have been employed to characterize nano-
materials including HSNs. Since HSNs are more complex than
single component nanomaterials, their characterization usually

demands a combination of techniques or more sophisticated tech-
niques. In general, the characterizations are based on spectroscopy,
microscopy or X-ray techniques.

Optical spectroscopic techniques are widely used in the study
of optical properties of different materials including nanomateri-
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ls [133]. The different techniques are usually based on measuring
bsorption, scattering or emission of light that contains informa-
ion about properties of the materials. Commonly used techniques
nclude electronic absorption (UV–vis), photoluminescence (PL),
nfrared red (IR) absorption, Raman scattering, dynamic light scat-
ering, as well as time-resolved techniques, such as transient
bsorption and time-resolved luminescence [133]. Other more
pecialized techniques include single molecular spectroscopy and
on-linear optical techniques such as luminescence up-conversion.
hese different techniques can provide different information about
he molecular properties of interest, including energy levels, sur-
ace, and structure. UV–vis and PL are sensitive probes of electronic
ransitions and electronic structures while IR and Raman are sen-
itive to vibration or phonon structures. Dynamic light scattering
s useful for determining global structure of nanomaterials. Time-
esolved techniques are used to determine dynamic properties such
s charge carrier lifetimes [134].

Besides optical spectroscopy, a number of other experimental
echniques are routinely used for characterizing nanomateri-
ls, including electron microscopy, electrochemistry, X-ray-based
ethods such as X-ray diffraction (XRD) [13,45,135,136], XPS, and

XAFS. While microscopy techniques are usually used to reveal
tructural, morphological, and topological information, X-ray tech-
iques are applied to gain information about structure, energetic,
nd surface characteristics [1,128,137–145]. X-ray based spectro-
copies are useful in determining the chemical composition of
aterials. These techniques include X-ray absorption spectroscopy

XAS), extended X-ray absorption fine structure (EXAFS), X-ray
bsorption near edge structure (XANES), X-ray fluorescence spec-
roscopy (XRF), energy dispersive X-ray spectroscopy (EDX), and
-ray photoelectron spectroscopy (XPS) [146,147]. They are mostly
ased on detecting and analyzing radiation absorbed or emitted
rom a sample after excitation with X-rays, with the exception that
lectrons are analyzed in XPS. The spectroscopic features are char-
cteristic of specific elements and thereby can be used for sample
lemental analysis. Other related techniques include small angle X-
ay scattering (SAXS) and wide angle X-ray scattering (WAXS) that
re useful for structural determination [148–150]. SAXS arises from
nhomogeneous electron density on different length scales ranging
rom angstroms to microns, while WAXS primarily arises from reg-
lar, periodic variations of electron density over length scales that
re large compared to the repeat distance.

Scanning probe microscopy (SPM) represents a group of tech-
iques, including scanning tunneling microscopy (STM), atomic

orce microscopy (AFM), and chemical force microscopy (CFM),
hat have been extensively applied to characterize nanostructures
137,143,144,151]. A common characteristic of these techniques is
hat an atomically sharp tip scans across the specimen surface
nd the images are formed by either measuring the current flow-
ng through the tip or the force acting on the tip. SPM can be
perated in a variety of environmental conditions and in different

iquids or gases, allowing direct imaging of inorganic surfaces as
ell as organic molecules. It also allows manipulation of objects on

he nanoscale. For non-conductive nanomaterials, AFM is a better
hoice [143–145]. AFM operates in an analogous manner as STM
xcept the signal is the force between the tip and the solid surface.
he interaction between two atoms is repulsive at short-range and
ttractive at long-range. The force acting on the tip reflects the dis-
ance from the tip atom(s) to the surface atom, thus images can be
ormed by detecting the force while the tip is scanned across the
pecimen.
Scanning electron microscopy (SEM) is a powerful and popu-
ar technique for imaging the surfaces of almost any material with

resolution down to about 1 nm [138,139]. The image resolution
ffered by SEM depends not only on the property of the elec-
ron probe, but also on the interaction of the electron probe with
Reviews 253 (2009) 3015–3041 3019

the specimen. Interaction of an incident electron beam with the
specimen produces secondary electrons along with back-scattered
electrons. While the secondary electrons detected in SEM pro-
vide primarily topographic information, e.g. surface texture and
roughness, back-scattered electrons afford both topographic and
compositional information [152,153]. Similarly, transmission elec-
tron microscopy (TEM) is a high spatial resolution structural and
chemical characterization tool [154]. A modern high resolution TEM
(HRTEM) has the capability to directly image atoms in crystalline
specimens at resolutions close to 1 Å, smaller than the interatomic
distance. This type of analysis is extremely important for char-
acterizing materials at a length scale from atoms to hundreds of
nanometers. TEM can be used to characterize nanomaterials to gain
information about particle size, shape, crystallinity, and interparti-
cle interaction [138,155].

2. Optical properties of HSNs

For convenience of discussion, we will divide the HSNs into dif-
ferent groups based on the chemical nature of their components.
We will be concerned primarily with two-component systems,
denoted as A–B, with one component (A) being a primary inor-
ganic semiconductor. The other, secondary component (B) can be
inorganic, organic, or biological. The following discussion will fol-
low the classification of A being the primary semiconductor and
B being the secondary component that can be an insulator (inor-
ganic, organic, or biological), semiconductor (inorganic or organic),
and metal (inorganic). In practice, B itself can be composed of more
than one component and some examples will be given.

2.1. Inorganic semiconductor–insulator

2.1.1. Inorganic semiconductor–inorganic insulator
Inorganic semiconductors and insulators have often been used

to produce hybrid materials for various applications including elec-
tronics and sensors as well as for exploration of potential new
properties. For example, a film of SiO2 nanoparticles with CdSe
nanoparticles with good dispersion on the nanoscale would be con-
sidered as an inorganic semiconductor–insulator system. For such
systems, the optical properties are usually dominated by the semi-
conductor, at least in the visible region, since the small bandgap
of the semiconductor, compared to that of insulators, results in
visible absorption and the insulator does not alter the semiconduc-
tor properties in a significant manner. However, if one considers
the UV or VUV region, the insulator properties can be predom-
inant. Therefore, the dominance of the component in the hybrid
material properties depends on the energy or spectroscopic region
considered. This is simply because different electronic transitions
are involved in different energy regions.

The interaction between the semiconductor and insulator
depends on how their lowest energy levels, e.g. valence and
conduction band edges, are aligned. In a typical situation, the semi-
conductor has a smaller bandgap with bandedges fall within the
bandgap of the insulator, as shown in Fig. 3. In such situations, the
effect of the insulator on the electronic energy levels and thereby
optical properties of the semiconductor is minimal. However, if
the insulator helps to passivate the surface of the semiconductor
as in a core/shell structures, the PL intensity of the semiconduc-
tor may be substantially enhanced by the presence of the insulator
(Fig. 3(right)).
On the other hand, if the conduction or valence bandedge of the
insulator happens to fall within the bandgap of the semiconductor,
energy or charge transfer could occur when the hybrid system is
subject to photoexcitation. In this case, the optical and photochem-
ical properties of the hybrid system could differ substantially from
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Fig. 3. Illustration of the energy levels (left) of a typical semiconductor–insulator
hybrid system, exemplified by a core/shell nanostructure (right). The scenario could
be for a small bandgap semiconductor (red, core) as the core and a larger bandgap
semiconductor (blue, shell) as the shell. The difference is only quantitative in the
bandgap for the insulator vs. the larger bandgap semiconductor. The relative band-
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Fig. 4. Absorption (upper panel) and emission (lower panel) spectra of a series
of silanized CdSe/ZnS in 10 mM PBS buffer, pH ∼7. The data are normalized for
the convenience of the display. From right to left, red, orange, yellow, green, and
blue emitting nanocrystals are shown. For blue emitting particles, the absorption
spectrum does not show features above 450 nm and is therefore omitted. Inset:

polymers, have been used to modify the surface of inorganic semi-
dge positions will depend on the specific systems and could significantly affect the
ptical and electronic properties of the hybrid system. VB and CB are for valence band
nd conduction band, respectively. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of the article.)

hose of the semiconductor. Such situations are not as commonly
ncountered as the situation illustrated in Fig. 3.

Examples of inorganic semiconductor–inorganic insulator
ybrid nanomaterials are numerous. We will provide two examples
o highlight their optical properties. The first example is silica-
oated CdSe/ZnS core/shell QDs useful for biolabeling and other
pplications [102]. In this case, the CdSe/ZnS core is considered as
he primary semiconductor system, which by itself is a hybrid sys-
em composed of two semiconductors, as will be discussed further
ater. Fig. 4 shows some UV–vis and PL spectra of these silanized
Ds. It was found that the silica coating does not significantly
odify the optical properties of the nanocrystals. The silanized

anocrystals exhibit enhanced photochemical stability over organic
ye molecules and display high stability in buffers at physiological
onditions (>150 mM NaCl), which are desired for conjugation to
iological molecules.

The second example is CdSe QDs embedded into TiO2 matrix
ith TiO2 essentially functioning as an insulator even though in

ome settings TiO2 is considered as a semiconductor. This is because
he bandgap of CdSe is much smaller than that of TiO2 and there
s weak electronic interaction between CdSe and TiO2. Fig. 5 shows

schematic for the nanocompsoite synthesis (A), STEM (B), and
V–vis and PL (C and D) of the QDs before (C) and after (D) they
re incorporated into TiO2 [156]. A comparison of Fig. 5C and D
learly shows that TiO2 has little effect on the absorption and PL of
he CdSe QDs. This hybrid system exhibits good photostability and
asy processibility for non-linear optical applications.

Similarly, CdSe–TiO2 hybrid nanomaterials have been studied
nd explored as a potential system for solar energy conver-
ion applications [157]. Electrically, TiO2 can be considered as

semiconductor due to its role in charge transport. However,
ptically, it functions as an insulator since the visible absorp-
ion of interest is mainly due to CdSe. This is very similar to the
ystem in which CdSe, in conjunction with N-doping, was used
o sensitize TiO2 nanoparticles to enhance visible absorption for
olar energy conversion application [158]. Similar systems include
iO2/CdS [159–161], TiO2/CdSe [162], ZnO/CdS [163], SnO2/TiO2

164], SnO2/ZnO [165,166], SnO2/CdSe [167], TiO2/ZnO [1,168],
oO/ZnO, and CoO/TiO2 [169]. The large bandgap MO in each sys-
em is considered as an insulator due weak visible absorption while
he smaller bandgap material can be considered as a semiconduc-
Absorption and emission of silanized green nanocrystals in 10 mM PB (solid lines),
and of the same green CdSe/ZnS particles in toluene (dashed lines). Reproduced with
permission from Ref. [102]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

tor. Such semiconductor–insulator hybrids offer the opportunity
to manipulate the band structure of the overall system for various
applications of interest. Some of these systems could be considered
as semiconductor–semiconductor hybrids as long as their elec-
tronic properties are concerned.

2.1.2. Inorganic semiconductor–organic insulator
Beside inorganic insulators, organic or biological molecules can

play a similar role as the inorganic insulators. The primary purpose
of using the insulators is usually to protect or passivate the inorganic
semiconductor nanomaterial for chemical and/or photo stability or
other functionalities such as surface modification or conjugation
to other molecules. The optical properties are usually not affected
substantially by the insulator, especially in terms of optical absorp-
tion. PL properties can be very sensitive to the insulator on the QD
surface.

For example, both small and large organic molecules, such as
conductor NCs to create essentially inorganic–organic composite
materials. There are two different classes of organic molecules: con-
jugated (aromatic with extended �-bonding) and non-conjugated,
that have quite different optical and electronic properties. Gen-
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ig. 5. (A) Schematic illustration of the pathway via which CdSe QDs are incorpor
ontaining CdSe QDs (white area). (C) UV–vis (solid line) and PL (dashed line) spe
owest energy 1S exciton absorption resonance). (D) UV–vis and PL spectra of the sa
ince the optical properties are dominated by the CdSe QDs. Reproduced with perm

rally, for non-conjugated organic molecules hybridized with
norganic, their influence on the properties of the inorganic is small,
specially for metal and semiconductor materials. This is mainly
ecause such organic molecules typically have no or weak visi-
le absorption and their energy levels are not near those of the
emiconductor or metal nanostructures, and thereby there is little
nergy level mixing or interaction. Their effect on optical proper-
ies of the metal or semiconductor is thus weak. In this situation,
he effect of the organic molecules is similar to that of inorganic
nsulators.

Organic molecules can be small molecules or polymers. Many
mall molecules have been used to passivate inorganic semicon-
uctor nanomaterials. For example, one of the most popular organic
olecules used for surface passivation is trioctylphosphine oxide

TOPO) [13]. TOPO molecules provide good surface coverage and
assivation of II–VI semiconductor QDs and afford the QDs high PL
ield and stability. Similarly, a variety of organic polymers, mostly
on-conjugated, have been used as matrix for creating composite
anostructures or for passivating the particle surface to stabilize
heir structures and optical properties, including semiconductor
anomaterials [170–180]. Interaction between the polymers and
anoparticles is often through functional groups such as –SH, –OH,
NH2, and –COOH. Polymers have advantages such as low cost, flex-

ble and large possible variations in structures, and ease to use.
owever, the nature of interaction between nanoparticles and the
olymers tends to be complex and the surface passivation is usually
ot complete, resulting in a high density of surface trap states on
he nanoparticle surface, as indicated by low PL yield and trap state
L in semiconductor nanoparticles.

.1.3. Inorganic semiconductor–biological insulator
We will discuss semiconductor–biological hybrid nanomaterials
hat involve at least an inorganic, nanocrystalline semiconductor as
he primary system and biological molecules as the secondary sys-
em. Such composites could form based on electrostatic interaction
r mechanical force. However, in general, since most inorganic and
iological systems are not naturally compatible, it is often necessary
nto a TiO2 matrix. (B) Low and high (inset) resolution STEM of a thin sol–gel film
f as-prepared CdSe QDs (R = 2.5 nm) in a hexane solution (the arrow indicates the
Ds incorporated into TiO2. In this system, TiO2 essentially functions as an insulator
from Ref. [156].

to provide a bridge or linker between the two components. A spe-
cific example is II–VI semiconductor QDs coated with bifunctional
linker molecules for conjugating to protein or DNA molecules. The
PL from QDs can be used for detection or imaging applications. For
instance, if the conjugated protein is an antibody, the system can be
used for detecting the corresponding antigen of interest. Likewise,
a single strand DNA conjugated to the QDs can be used to detect the
complementary DNA.

In the context of this article, semiconductor–biomolecule con-
jugates can be considered as hybrid nanomaterials. Similar to
QD-non-conjugated polymers, as long as the biological molecules
do not contain chromophores that cause absorption in the visible
region of the spectrum, the QDs with strong visible absorption will
dominate the optical properties of the composite system in the vis-
ible region. Indeed, in many respects, many biomolecules such as
DNA, RNA, and proteins are non-conjugated polymers. The change
to the optical properties of the QDs due to the biological molecules
is usually small, at least in terms of spectroscopic features. The same
is true for other non-conjugated or non-aromatic linker molecules,
if present in the system.

However, in many cases the linker molecule and/or biological
molecule could have substantial influence on the PL yield, and to a
lesser degree, of PL spectrum, due to changes of the surface prop-
erties as a result of their presence on the QD surface. In some other
cases, PL enhancement was observed, possibly due to better surface
passivation when the biological or linker molecules are present.
This is true for biological or linker molecules that are chemically
and photochemically unreactive with the QDs, i.e. the molecules are
stable on the QD surface with or without light. If the molecules are
reactive, more significant changes, e.g. QD degradation, could occur.

Many QD-biomolecule conjugates have been designed and stud-
ied for bio detection applications. It is usually necessary to have the

outer surface rendered hydrophilic for biological applications due
to the aqueous environment. One example is CdSe/ZnS core/shell
QDs [181], which are designed to create hydrophilic surface for
bio detection and to enhance the chemical and optical stability of
the QDs. Because of the CdSe core is well protected by the ZnS
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Fig. 6. An example of modular design of hydrophilic ligands with terminal func-
tional groups. Dihydrolipoic acid (DHLA) is used, with one end, to cap CdSe/ZnS
core/shell QDs and is linked, from the other end, to poly(ethylene glycol) (PEG).
The out-pointing end of PEG is coupled with functional terminal groups to pro-
mote water-solubility and biocompatibility of the QDs. In this system, the QD is
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he primary inorganic semiconductor, labeled as component (A), and the rest of the
omponents are considered as secondary, labeled as (B). In other words, this system
ontains more than two material components. Reproduced with permission from
ef. [181].

hell, the optical properties of such core/shell QDs are not sen-
itive to the surface molecular modification. As shown in Fig. 6,
he modular ligands based on poly(ethylene glycol) (PEG) coupled
ith functional terminal groups have been found to promote water-

olubility and biocompatibility of QDs. The overall nanostructures
re stable over a broad pH range in aqueous solution and have been
emonstrated to be useful for conjugation to a variety of biological
olecules.

.2. Inorganic semiconductor–semiconductor

.2.1. Inorganic semiconductor–inorganic semiconductor
The situation for two semiconductors hybridized together is

ery similar to that of hybridized semiconductor–insulator with
he main difference in the bandgap of the secondary semicon-

uctor vs. that of the insulator. Core/shell structures such as
dSe/ZnS is essentially a semiconductor–semiconductor hybrid
anostructures. The properties of such structures strongly depend
n their relative bandgap energies and interaction. Their interac-
ion could depend sensitively on their structural and interfacial

ig. 7. (Left) Absorption spectrum of the (CdSe)TOPO (dotted line) and the (CdSe)ZnS na
Right) Fluorescence of the (CdSe)TOPO (dotted line) and (CdSe)–ZnS (solid line) nanocry
Reviews 253 (2009) 3015–3041

characteristics. In the case of CdSe/ZnS core/shell, the optical
properties in the visible region are dominated by CdSe since
its bandgap is smaller than that of ZnS. Fig. 7 shows UV and
PL spectra of CdSe QDs passivated with TOPO or ZnS [73]. The
ZnS passivation significantly enhances the yield and stability
of the CdSe. Some of the hybrid systems discussed in Section
2.1.1, e.g. TiO2/CdS [159,161], TiO2/CdSe [162], ZnO/CdS [163],
SnO2/TiO2 [164], SnO2/ZnO [165,166], SnO2/CdSe [167], TiO2/ZnO
[1,168], CoO/ZnO [169] could also be considered as inorganic
semiconductor–inorganic semiconductor, especially if one focuses
on their electrical or electronic properties.

2.2.2. Inorganic semiconductor–organic semiconductor
For conjugated organic molecules, including conjugated poly-

mers with extended �-bonding, the energy level spacing between
HOMO and LUMO is small, making them absorb visible light. Their
energy levels are often close to those of inorganic semiconduc-
tors [180]. The conjugated polymers themselves behave like organic
semiconductors. This makes it more likely to mix their energy lev-
els, and their interaction is strong and can result in significant
change in optical properties of the hybrid materials compared to
their isolated components. The changes depend on the details of
their energy levels with respect to each other.

For inorganic semiconductor–organic conjugated polymer
hybrids, the situation resembles system composed of two differ-
ent inorganic semiconductor nanomaterials since the conjugated
polymer is practically a semiconductor. Their absorption spectra
are often essentially a sum of the two materials while the PL of the
hybrid system may differ substantially from those of the two iso-
lated components because of expected strong interaction between
the components. A number of studies have been done on semi-
conductor QD-conjugated polymer hybrid nanomaterials to gain
a better understanding of their fundamental properties as well as
to exploit their potential new properties for applications includ-
ing sensors, light emitting diodes, and solar cells [182–191]. The
change of optical properties of the composite as compared to the
isolated QD or conjugated polymer depends sensitively on the rela-
tive electronic energy levels of the two components as well as how

strongly they interact. Their electronic interaction also depends on
their structural and interfacial characteristics. For example, in the
hybrid system composed of CdS QDs and polyfluorene copolymers,
CdS QDs enhance the PL as well as electroluminescence (EL) of the
polyfluorene copolymer [188]. In the case of InP QDs with polythio-

nocrystals (solid line). The fluorescence of the (CdSe)ZnS is also shown (solid line).
stals normalized by their absorption at the excitation wavelength (470 nm).



J. Li, J.Z. Zhang / Coordination Chemistry

F
t

p
[
f
b
a

h
s
a
d
s
(
a
t
s
Z
f

2

b
a
r
o
n

cence of CdSe/ZnS core/shell QDs by gold nanoparticles was studied

F
t

ig. 8. UV–vis absorption spectra of PPHT:ZnO (lower) and PPHT:dye:ZnO (upper)
hin films. The dye is safarine–O (SAF). Reproduced with permission from Ref. [191].

hene, the PL of the QDs is quenched by the conjugated polymer
186]. The PL quenching is attributed to photoinduced hole transfer
rom the QD to the conjugated polymer due to strong interaction
etween them. This finding has interesting implications in solar cell
pplications of this type of HSNs.

A similar system studied recently is ZnO with poly(3-phenyl
ydrazone thiophene), PPHT, that was investigated for dye-
ensitized solar cell applications [191]. Fig. 8 shows the electronic
bsorption spectra of PPHT:ZnO and PPHT:dye:ZnO thin films, with
ye being safarine–O (SAF). The major absorption bands in the
pectra can be easily correlated with ZnO (peaked ∼425 nm), PPHT
∼480 nm), and safarine–O dye (∼680) and are not shifted notice-
bly from the peaks of the individual components. This indicates
hat there is no strong interaction or charge transfer in the ground
tate. However, PL of PPHT was found to be efficiently quenched by
nO and further by the dye, attributed to charge and energy transfer
rom PPHT to the dye and ZnO [191].

.3. Inorganic semiconductor–metal

Both semiconductor and metal are usually considered as active

oth optically and electronically since they usually have visible
bsorption due to electronic transitions in the relatively low energy
egion (1–3 eV). Their composites can have interesting and varied
ptical properties depending on the nature of the two compo-
ents, their relative energy levels, their interactions, as well as

ig. 9. UV–vis (left) and PL (right) spectra of Ag–CdTe hybrid nanomaterial in water with
emplate; (b) 1:50; (c) 1:20; (d) 1:10; (e) 1:5. Reproduced with permission from Ref. [192
Reviews 253 (2009) 3015–3041 3023

the ratio between the two components. Their interactions are
expected to depend on the details of their structures and the inter-
face between them. Semiconductor–metal hybrid nanomaterials
are generally more complex than their semiconductor–insulator or
metal–insulator counterparts.

While the absorption spectrum of semiconductor–metal hybrid
nanomaterials tend to be close to the simple sum of the spectra
of the two individual components, at least when their electronic
interaction is not strong, their PL properties often change signifi-
cantly, especially in terms of intensity, either quenched or enhanced
depending on the interaction and distance between the two compo-
nents, compared to that of the semiconductor (metal usually with
no or very weak PL). When one component is substantially domi-
nant in size or weight over the other, the optical properties of the
hybrid system tend to be primarily determined by the predominant
component.

For example, Fig. 9 shows the UV–vis absorption and PL spectra
of CdTe-Ag hybrid nanomaterials formed mainly through electro-
static interaction based on opposite charges on the Ag (negatively
charged) and CdTe (positively charged) nanoparticles [192]. As can
be seen, the absorption spectra exhibit an excitonic absorption
band peaked around 433 nm typical for spherical CdTe nanocrystals.
Upon addition of Ag nanoparticles, the CdTe excitonic absorption
band red-shifted by 2.5 nm and the full width at half-maximum
(FWHM) became wider. The surface plasmon band around 400 nm
characteristic of Ag nanoparticles is not noticeable due to the strong
absorption of CdTe QDs in the region and the fact that Ag nanopar-
ticles are the minor component. However, the PL of CdTe QDs is
strongly influenced by the presence of Ag nanoparticles. The CdTe
PL is significantly quenched with increasing Ag nanoparticle con-
tent, attributed to non-radiative photoinduced electron transfer to
Ag nanoparticles. Similar observations have been reported for anal-
ogous systems such as Au–CdS [193] and Au–CdSe nanocomposites
[194]. While the QD PL intensity is quenched significantly by the
metal nanoparticle, the PL spectrum does not change much. This
suggests that the bandedges of the QDs are not affected substan-
tially by the presence of the metal nanoparticles.

In a different scenario, PL from the semiconductor can be
enhanced by metal nanoparticles at appropriate distance or with
appropriate interaction. For example, enhancement of lumines-
as a function of distance between the QDs and gold nanoparticles
[195]. This distance is controlled using a layer-by-layer polyelec-
trolyte deposition technique to insert well-defined spacer layers
between gold nanoparticles and QDs. The maximum enhance-

increasing Ag ratio compared to the original CdTe nanocrystals template: (a) CdTe
].
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ent by a factor of 5 is achieved for a distance around 11 nm. The
L enhancement is attributed to enhanced QD excitation within
he locally enhanced electromagnetic field produced by the gold
anoparticles. This is somewhat similar to the EM enhancement
echanism responsible for surface enhanced Raman scattering

SERS) [196]. Quenching or enhancement of PL of the semiconduc-
or by the metal nanoparticles depends sensitively on the distance
r interaction. In the same study, PL quenching was observed at dis-
ances of 3 and 19 nm. This non-monotonic distance dependence is
uggested to arise from a competition between EM field enhance-
ent and resonant energy transfer (RET) as well as possibly electron

ransfer to the gold nanoparticles. RET is strongly dependent on dis-
ance and expected to be particularly effective at short distance. A
elated technique, FRET (fluorescence or Foster resonance energy
ransfer), will be discussed later.

A relevant theoretical study of exciton-plasmon interaction in
ybrid semiconductor QD and metal nanoparticle complex, e.g.
dTe QDs and Au nanorods (NRs), has shown that both the radia-
ive rate of exciton in the QD and the non-radiative energy transfer
ate from the QD to the Au NRs vary significantly with the dis-
ance between them and the orientation of the NRs [197]. Generally,
oth rates increase quickly as the distance between the QD and NR
ecreases. Quantitative experimental verification of the theoretical
esults is yet to be conducted.

Other common semiconductor–metal hybrid nanomaterials
nclude Ag–ZnO, Pt–TiO2 and Au–TiO2 that are important for
atalytic, photocatalytic, antibacteria, and photoelectrochemical
pplications [198–201]. In such systems, the optical properties,
.g. UV–vis absorption, in the visible is dominated by the metal
anoparticles due to weak absorption of the MO, e.g. TiO2. There is
sually no appearance of new absorption bands, indicating weak or
oderate interaction between the metal and MO. However, there

s evidence of improved photoinduced charge separation due to the
resence of the metal nanoparticles, which is useful for photocat-
lytic and other reactions [199].

Another example of metal–semiconductor hybrid nanomateri-
ls is Co–CdSe core/shell structures that exhibit magnetic, due to
o, and optical, due to CdSe properties [202]. In this system, the
ptical properties, absorption and PL, in the visible are dominated
y CdSe due to weak absorption of Co. Such bifunctional nanos-
ructures, magnetic and optical, are potentially useful for sensing
nd other magneto-optical applications. Hybrid nanostructures are

articularly suitable for introducing multiple functionalities.

.4. Doped semiconductor nanomaterials

Doped semiconductor nanomaterials (DSNs) are a class of semi-
onductor nanomaterials important to a number of technologies

ig. 10. (Left) Schematic illustration of energy levels of shallow trap (ST), deep trap (DT),
anoparticle with respect to the band edges of the valence band (VB) and conduction ban
er particles as well as different locations of the dopant ions in the nanoparticles. Reprod
Reviews 253 (2009) 3015–3041

including laser, sensing, display, solid state lighting, imaging, and
light energy conversion. DSNs can be considered as a special case
of HSNs. The host semiconductor is the primary semiconductor,
denoted as A, while the dopant, denoted as B, is the secondary
component that is used to modify the property and functionality of
the primary semiconductor. This is similar to the two-component
systems discussed above. Compared to undoped semiconductors,
doped materials offer the possibility of using the dopant to tune
their electronic, magnetic and optical properties. Therefore, in
addition to existing advantages nanomaterials offer in terms of con-
trollable parameters such as size, shape, and surface, dopants offer
the additional flexibility for designing new functionalities and for
altering their properties.

Doped luminescent semiconductor nanoparticles are of strong
interest for possible use in opto-electronics such as LEDs and
lasers or as novel phosphors because of their interesting mag-
netic [203–206] and electro-optical properties [207–211]. A classic
example is Mn2+-doped ZnS nanoparticles, commonly denoted as
ZnS:Mn that has received considerable attention. Bulk or pow-
dered (micron-sized) ZnS:Mn have already been used as phosphors
and in electroluminescence [212]. In these materials, a small
amount of transition metal ions, such as Mn2+, is incorporated
into the nanocrystalline lattice of the ZnS host semiconduc-
tor. The host semiconductor usually absorbs light and transfers
energy to the dopant metal ion that emits photons with ener-
gies characteristic of the metal ion. Luminescence can also result
from direct photoexcitation through transitions of the metal
ions.

Fig. 10 shows a schematic diagram of energy levels associated
with semiconductor nanoparticles, including conduction band (CB),
valence band (VB), and shallow trap (ST) and deep trap (DT) states,
as well as dopant excited state (DE) and dopant ground state (DG).
The right hand side of the figure illustrates the issues related to the
number and location of the dopant ions in the nanoparticles. In the
ideal case, each doped nanoparticle should have the same number
of dopant ions in the same location in order for them to have the
same or very similar properties, since the properties will depend on
the number and locations of the dopants [213]. This is an important
issue particularly for single nanostructure devices. For instance, for
a nanoparticle with 100 atoms, a variation from 1 to 2 dopant ions
can make a major difference in the property of the nanoparticles.
Other possible complications involve aggregation or clustering of

the dopants if more than one is present per nanostructure. The
dopant ions often exist in substitutional or interstitial sites. Sub-
stitutional doping of a crystalline host material is often desired.
Difference in the location of the dopant will affect its energy levels
and spectroscopic signatures.

dopant excited state (DE) and dopant ground state (DG) in a doped semiconductor
d (CB). (Right) Illustration of nanoparticles with different numbers of dopant ions

uced from Ref. [214].
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In practice, most samples contain NPs with a distribution
n the number and location of the dopants in them. It is very
hallenging to control the number of dopants per NP and the loca-
ions of the dopants. This is an area that clearly needs further
esearch.

One primary interest in doped semiconductor nano-
aterials is their luminescence properties. For example, the

L and EL of Mn2+-, Cu2+-, and Er3+-doped ZnS nanoparticles
s free colloids [210,211,215] and in polymer matrices and thin
lms [209,216–219] have been extensively studied. As in bulk
n2+-doped ZnS, the Mn2+ ion acts as a luminescence color

enter, emitting near 585 nm as a result of 4T1 to 6A1 transition
205,210,215,220,221]. Mn2+-doped ZnS NP was first reported
y Becker and Bard in 1983 [222]. It was found that the Mn2+

mission at 538 nm with a quantum yield of about 8% was sen-
itive to chemical species on the particle surface and that the
mission can be enhanced with photoirradiation in the presence
f oxygen, which was attributed to photoinduced adsorption
f O2. In 1994, Bhargava et al. made the claim that the lumi-
escence yield is much higher and the emission lifetime is
uch shorter in ZnS:Mn NPs than in bulk [207]. There were

ater some debate over whether the emission quantum yield is
ndeed higher in ZnS:Mn NPs relative to bulk. Several subsequent
tudies [223–228], including a theoretical study [229], made
laims of enhancement that seem to support the original claim
f enhanced luminescence by Bhargava et al. [207]. However,
ost of the studies failed to provide a calibrated, quantitative
easure of the luminescence quantum yield in comparison to

ulk ZnS:Mn. Several recent time-resolved studies have found
hat the emission lifetime in ZnS:Mn NPs is the same as in bulk,
2 ms [111,230,231]. These lifetime studies seem to suggest that

he luminescence yield in NPs should not be higher than that
f bulk.

Besides ZnS:Mn, Cu-doped ZnS is another important phosphor
aterial with strong emission in the blue region of the visible

pectrum. Extensive studies on bulk and powdered (micron-sized)
nS:Cu have been conducted over the years. Bulk ZnS doped with
opper is known to have three PL emission bands: blue, green, and
ed [212,232]. Polarization experiments showed that the blue and
ed copper luminescent center had lower symmetry than the host
attice, indicating that they must be associated centers [233,234].
he green peak was found to not have lower symmetry than the

attice, hence not be spatially associated with the co-activator such
s Cl− [235]. The appearance of the three peaks was dependent
n the ratio of activator to co-activator, e.g. Cu+/Cl− [236,237]. In
articular, the blue peak was present when the concentration of
u+ was greater than the concentration of Cl−. Recently, interests

n nanosized ZnS:Cu have been on the rise due to the anticipa-
ion of potentially improved optical properties [218,219,238–242].
here seems to be some inconsistency in previous literatures in
ssigning the oxidation state of copper in ZnS:Cu, +1 vs. +2. A
ery recent study based on combined structural (EXAFS) and opti-
al (PL) studies has found that copper exists primarily as Cu+1 in
nS nanocrystals and is located in the interior but near the sur-
ace of the NCs [243]. Fig. 11 shows representative PL spectra of
ndoped and Cu-doped ZnS NCs. The PL peak in undoped ZnS NCs

s due to electron–hole recombination from trap states while the
L for Cu-doped ZnS NCs with high doping level is mainly from
hallow electron trap states to Cu+ energy levels. For moderate
oping level, the PL spectrum is clearly composed of both emis-
ion bands, one from ZnS and another associated with the Cu+
opant.
Doping is also used as a means to manipulate the bandgap states

f semiconductors including metal oxide nanomaterials and thus
he optical properties for other applications as discussed in the
ollowing section.
Fig. 11. PL spectra of ZnS NCs with different Cu dopant concentrations
(�ex = 280 nm): (a) 0%; (b) 0.2%; (c) 0.5%; (d) 1%; (e) 2%; (f) 3% (from left to right).
Reproduced with permission from Ref. [243].

3. Optical functionalities and applications of HSNs

The optical properties and associated functionalities of hybrid
nanostructures have many important applications in various tech-
nologies. We will review some examples of applications including
energy conversion, sensing, photonics, environmental protection,
and biomedical detection, imaging, and therapy.

3.1. Light energy conversion

3.1.1. Photovoltaic (PV) solar cells
Conversion of solar energy into electrical energy using pho-

tovoltaic cells (PVC) is arguably one of the most successful and
environmentally friendly technologies for energy generation [244].
To increase solar cell efficiency while maintaining a low produc-
tion cost has been the primary objective of solar energy conversion.
Thick single- and multi-crystalline silicon structures have been the
dominant technology in the photovoltaic industry. Commercially
available single-junction, single crystalline silicon cells offer 13%
conversion efficiency while GaInP2/GaAs-based multiple-junction
solar cells have reached 27%, and InGaAsN-based solar cell sys-
tems have achieved 30% efficiency [245]. Although these devices
exhibit impressive efficiencies, the process of material synthesis is
often complex, resulting in low throughput and high production
costs.

Conventional silicon solar cells make use of semiconductor
diodes based on p–n junctions. Photogenerated electron and holes
are driven to separation by a built-in electrical field and then
collected as electrical current. Besides Si, other semiconductor
materials, e.g. CdTe, CuInSe, and GaAs, have used for solar cells in
bulk crystalline, thin film, or polycrystalline forms. These materials
tend to be more costly even though some of them have demon-
strated better efficiency than Si solar cells [246–248]. The relatively
high cost of manufacturing commercial silicon cells and use of
toxic chemicals in their manufacturing have limited them from
widespread use. These aspects have prompted the search for envi-
ronmentally friendly and potentially low cost materials.

Towards this goal, nanomaterials have been investigated as alter-
natives for bulk materials such as Si. Nanostructured materials offer
some unique advantages that are ideal for applications in future
generation PV devices. Their small size affords a large effective

surface area, and thereby potentially low weight cells; quantum
confinement effects lead to size-dependent and readily controllable
material properties; nano-engineering and synthesis techniques
may enable the design of sophisticated nanostructures at low cost
and with improved properties. Nanostructured materials also lend



3 mistry Reviews 253 (2009) 3015–3041

t
fl

s
[
1
s
m
v
m
t
i
r
f
t
t
7
i
s
c
o
s
s
t
o
O
p
[
n
p
I
c
t

p
p
t
s
t
n
a
s
[

t
A
s
t
F
r
c
t
b
T
t

3
g

v
m
e
n
r
F
v

Fig. 12. Schematic electronic band structure of 3.5 nm CdSe with an effective
bandgap of 2.17 eV and nanocrystalline TiO2:N with a 3.2 eV bandgap, associated
with normal TiO2 and a N dopant state approximately 1.14 eV above the valence
band. Different electron and hole creation, relaxation, and recombination pathways
are illustrated, including (A) photoexcitation of an electron from the valence band
(VB) to the conduction band (CB) of TiO2, (B) transition or photoexcitation of an elec-
tron from the N energy level to the CB of TiO2, (C) recombination of an electron in the
CB of TiO2 with a hole in the N energy level, (D) electron transfer or injection from

applied to facilitate the photochemical reactions, and the over-
all process is named photoelectrochemical. If no external potential
is applied or needed and the photoreduction and photooxidation
occur on the same material or photoelectrode, the process is termed
026 J. Li, J.Z. Zhang / Coordination Che

hemselves conveniently for large area fabrication, including on
exible substrates.

Two general types of nanomaterial-based solar cells have been
tudied, dye-sensitized solar cells [249] and quantum dot solar cells
182]. In the original dye-sensitized solar cell (DSSC) developed in
991 by O’Regan and Gratzel [249], TiO2 nanoparticle films were
ensitized with the N3 dye [250]. The nanocrystalline nature of the
aterials provides significantly increased surface area relative to

olume as compared to bulk materials. In such a solar cell, dye
olecules are adsorbed onto the surface of the nanoparticles. Pho-

oexcitation of the dye molecules results in injection of electrons
nto the conduction band of TiO2. The resulting oxidized dye is
educed by electron transfer from a redox couple such as I−/I3−,
or the dye to be regenerated. Charge transport occurs through par-
icles that are interconnected and collected by electrodes. These
ypes of cells have reached solar power conversion efficiencies of
–10% under full sun conditions [249–251]. Recently, there has been

ncreasing research effort to use inorganic semiconductor QDs as
ensitizers for large bandgap metal oxide nanostructures for solar
ell applications [157,158,252,253]. In these cases, the QDs replace
rganic dye molecules and potential advantages include thermal
tability and color tunability by controlling nanoparticle size and
hape. All these solar cells are based on hybrid nanomaterials with
he MO such as TiO2 as the primary semiconductor and the sec-
ndary components such as dyes, QDs, or polymer as sensitizers.
rganic conjugated polymers can function both as a hole trans-
orter as well as a sensitizer for such nanocrystalline solar cells
254–258]. In another study, surface plasmon resonance from Au
anoparticle in a hybrid Au–TiO2 system was found to improve the
hotoresponse of TiO2 due to enhanced charge separation [259].

n spite of the potential advantages of nanomaterials, to date, solar
ells based on nanomaterials generally show lower efficiency than
he conventional solar cells based on bulk materials such as Si.

The relatively low efficiency is partly due to poor charge trans-
ort properties caused by grain boundaries or trap states. One
ossible solution to this problem, while maintaining the advan-
ages of nanomaterials for solar cells, is to use 1D nanostructures
uch as nanowires and nanorods that are expected to have bet-
er transport properties than nanoparticles [125,260–271]. The 1D
anostructures still have large surface area and are suitable for large
rea processing. Solar cells based on 1D MO nanostructures have
tarted to be investigated recently, e.g. Nd-doped TiO2 nanorods
272] and ZnO nanorods [265].

In parallel, efforts have been made to enhance the visible absorp-
ion of MO by doping with elements such as N [120,122,273–281].

recent study has also demonstrated the use of combining QD
ensitization and N-doping to enhance visible absorption and facili-
ate charge transfer/transport in TiO2 nanoparticle solar cells [158].
ig. 12 shows the proposed energy diagram to explain the observed
esults. It was suggested that the electron occupied N energy level
an donate the electron to the hole created in CdSe QD after pho-
oexcitation, thereby facilitating the hole transport that is often a
ottle-neck for charge transport in such nanocrystalline solar cells.
his strategy points to the importance of using hybrid nanomaterial
o manipulate the energy levels or improving the PV performance.

.1.2. Photoelectrochemical and photocatalytic hydrogen
eneration from water splitting

Photoelectrochemical cells provide a powerful means for con-
erting light energy into chemical energy that can be stored in
olecules, such as hydrogen, through electrochemical reactions,
.g. water splitting [282,283]. Besides electrolytes, the key compo-
ents in a PEC are the electrodes (cathode and anode) on which
edox chemical reactions involving electron transfer take place.
ig. 13 shows a simple schematic of a typical PEC device. A con-
entional PEC is established with the semiconductor electrode as
the CB of a CdSe QD to the CB of TiO2, and (E) hole transfer from the VB of a CdSe QD
to the N energy level. Note that not all of these processes can happen simultaneously,
and many of these are competing processes. Reproduced with permission from Ref.
[158].

the photoanode and Pt electrode as the cathode in the electrolyte.
Under irradiation with the photon energy equals to or exceeds
the bandgap of the semiconductor photoanode, the electrons are
excited and prompted from the valance band to the unoccupied
conduction band. The electrons transport to the cathode and react
with protons to generate hydrogen while the holes in the photoan-
ode react with water molecule to produce oxygen.

For most materials, an external bias or potential needs to be
Fig. 13. Schematic of a typical PEC device and its basic operation mechanism for
hydrogen generation from water splitting.
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hotocatalytic as long as the photoelectrode is not irreversibly
hanged. If permanent changes occur in the process, the reaction
s photochemical in nature with the photoelectrode as part of the
eactant involved. Both photoelectrochemical and photocatalytic
rocesses have been frequently explored for hydrogen generation
pplications from water splitting, an attractive potential method
or producing clean and renewable energy.

Most photoelectrodes for PEC are based on bulk materials.
owever, photoelectrodes based on nanostructured materials have
een explored for a number of systems, usually single compo-
ent nanomaterials such as CdS [284], Bi2S3 [285], Sb2S3 [286],
O3 [58,287–292], and more commonly TiO2 [293–299]. Similar to

anomaterials used for solar cells, nanomaterials offer some poten-
ial advantages for photoelectrodes in PEC, including large surface
rea, fast diffusion and reaction time, ease of surface modifications,
nd possibility for manipulating materials properties by structural
ontrol.

As mentioned above, 1D nanostructures such as nanowires
nd nanorods are expected to exhibit much improved transport
roperties than 0D nanoparticles. However, to date, only limited
EC studies based on 1D nanostructures, e.g. TiO2 nanotubes and
anorods, have been reported [125,270,300]. PEC performance
epends strongly on the properties of the photoanode, espe-
ially the bandgap and bandedge positions [301]. HSNs offer the
ossibility to manipulate the band structures for improved PEC
erformance.

To achieve effective splitting of water, the semiconductor
hotoelectrode should meet the following criteria [302,303]: (i)
hotochemical stability, (ii) low cost, (iii) with a conduction band
dge higher than the H2 evolution level and a valence band edge
ower than the O2 evolution level, and (iv) strong absorption in the
olar spectrum region. Among the various candidates for the pho-
oanodes, metal oxide semiconductors are inexpensive and stable,
nd many have bandedge energies matching the H2 and O2 evolu-
ion reactions [304]. Thus, most investigations have focused on TiO2
nd considerable progress has been made [305,306]. However, in
erms of the wide bandgap (3.2 eV for anatase phase and 3.0 eV for
utile phase), TiO2 is a poor absorber in the solar spectrum, and its
fficiency in photosplitting can hardly exceed 10%, which hinders
ts application and commercialization [305].

Major efforts have been focused on attaining a broad photore-
ponse range and achieving better efficiency in water splitting
y wide bandgap semiconductors, such as TiO2 and ZnO. Among
he strategies, combining semiconductors with other elements or
ompounds to form HSNs is considered as promising. In these
ases, HSNs not only show higher efficiency in light absorption,
ut also suppress the recombination of the photogenerated elec-
rons and holes, thus demonstrating notable improvement in the
erformance in water splitting compared to the single component
emiconductors.

One approach in the design of HSNs is doping semiconduc-
or nanomaterials with metal ions [307–309] or nonmetal species
uch as nitrogen [310], phosphor [311], carbon [312], sulfur [313],
nd boron [314]. By doping with metal ions, semiconductors such
s TiO2 show much higher efficiency in the photoelectrochemi-
al activities [307]. After the implantation of some ions including
u3+ and Cr3+, the bandgap energies of TiO2 were decreased or

ntra-bandgap states were introduced, and thus the HSNs possessed
isible light response [307,315]. However, most of the metal ions
ainly act as traps of photogenerated carriers, and the enhance-
ent in the photoactivity is largely attributed to the suppression
f the recombination of the photogenerated charge carriers rather
han the narrowing of the bandgap [307,316–318]. In Fe3+-doped
natase TiO2, the energy level for Fe3+/Fe2+ is below the bottom
f the CB (ECB) of TiO2 and the energy level for Fe3+/Fe4+ is above
he top of the VB (EVB). Therefore, Fe3+ could act as a trap for
Reviews 253 (2009) 3015–3041 3027

electrons as well as holes, and inhibit the e−/h+ recombination,
whereas no noticeable change in bandgap energy of n-TiO2 was
observed [302,307]. Moreover, HSNs with metal ion dopants also
encountered problems such as the thermal stability, increase in
carrier recombination centers, and requirement of an expensive
ion-implantation facility [308].

In view of these obstacles, doping with anions, rather than
cations, has attracted growing attention in recent years. For efficient
doping to enhance photoactivity of HSNs, the following require-
ments need to be met [310]: (i) doping should produce states in the
bandgap of semiconductors that absorb visible light; (ii) the ECB,
including subsequent impurity states, should be higher than the H2
evolution level to ensure its photoreduction activity; (iii) the states
in the bandgap should overlap sufficiently with the bandedge of
semiconductors to transfer photoexcited carriers to reactive sites
at the catalyst surface within their lifetime. Unlike metal cations,
which often afford localized d states deep in the bandgap of the
semiconductors and result in recombination centers of carriers,
anionic species could meet the above requirements, especially (ii)
and (iii), by mixing their p states with the corresponding states
in the semiconductors. For instance, in the N-doped TiO2 film
(denoted as TiO2−xNx) prepared by sputtering the TiO2 target in
an N2 (40%)/Ar gas mixture, the p states of N mix with the O 2p
states in TiO2 and contributed to the bandgap narrowing of TiO2, as
indicated by noticeable absorption of light up to 500 nm [310]. Sim-
ilarly, C-doped TiO2 prepared by flame pyrolysis of Ti metal sheet
in the natural gas also showed lower bandgap energy and appre-
ciable light absorption up to 535 nm [302]. Besides experimental
studies, theoretical calculations of the densities of states (DOSs) by
the full-potential linearized augmented plane wave (FLAPW) for-
malism revealed that among the substitutional doping of C, N, F, P,
or S for O in anatase TiO2 crystal, substitutional doping of N was
the most effective in narrowing the TiO2 bandgap because its p
states have a good mix with the O 2p states of TiO2 [319,320]. The S
dopants exhibited a similar bandgap narrowing, however, it would
be difficult for S to incorporate into the TiO2 crystal in view of its
large ionic radius. For C and P doping, the introduced states would
be a little too deep in the bandgap.

Another approach to induce visible light water splitting by
semiconductor is the coupling of two semiconductors with differ-
ent energy levels for their corresponding conduction and valence
bands. Various studies have shown improved visible light pho-
toactivity with coupled semiconductors of TiO2/CdS [159–161],
TiO2/CdSe [162], ZnO/CdS [163], SnO2/TiO2 [164], SnO2/ZnO [165],
TiO2/ZnO [1], and SnO2/CdSe [167]. For most HSNs composed of
two semiconductors, a wide bandgap semiconductor is combined
with another one with small bandgap energy. The visible light
can directly excite an electron from the VB to the CB of the small
bandgap semiconductor. Thereafter, the generated electrons can be
injected into the wider bandgap materials and facilitate visible light
photosplitting of water, as long as the bottom of the CB of the small
bandgap semiconductor is above the bottom of the CB of the large
bandgap semiconductor [163,321–323]. Moreover, electron trans-
fer between the two portions of the HSNs enhances the charge
separation and inhibits recombination by forming a potential gra-
dient at the interface. In the case of TiO2/CdS, CdS acts as the visible
light absorber and transfers the photoexited electrons to the CB of
TiO2. Due to formation of the potential gradient at the interface,
the rate of photoinduced electron transfer at CdS increased tenfold
in the presence of TiO2 [324,325] and the overall rate of hydrogen
generation under visible light irradiation increased by tens of times

compared to CdS alone [159].

As discussed in Section 4.1.1, sensitizing semiconductors by
dyes to achieve a better use of solar light have been intensely
investigated in the field of photovoltaic devices. This surface mod-
ification strategy also plays an important role in visible light water
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plitting by wide bandgap semiconductors. In one scenario, dye
ensitization was used to improve photoelectrochemical reactions
y enhancing visible light absorption and photoconversion [250].

n another scenario, dye sensitization was used to improve pho-
ocatalytic reactions under visible light irradiation. For example,
henolic hydroxyls are able to react with TiO2 by chemical conden-
ation of the Ti–OH hydroxyl groups present on the TiO2 surface
ith the phenolic hydroxyl(s) to give an inorganic–organic hybrid
aterial [326,327]. 2,6-Dihydroxyantraquinone (DHA) functional-

zed TiO2 nanotubes annealed in N2 (denoted as N2–TiO2–DHA)
xhibited a 140 nm red-shift in optical absorption compared with
he native TiO2 nanotubes, which was attributed to intramolecu-
ar ligand-to-metal charge transfer transitions [327–329]. Similarly,
,1-binaphthalene-2,2-diol modified TiO2 showed noticeable H2
volution under visible light, whereas bare TiO2 did not.

One limitation with semiconductor oxide photoanodes is that
hey do not have sufficiently negative photocurrent onset potential
o allow for direct water splitting in the presence of a metal cathode
ue to the overpotential and Ohmic drop losses [330,331]. To solve
he problem, different approaches have been explored. One strategy
s the PEC/PV tandem cell, which is composed of the photoelectro-
hemical cell (PEC) coupled with a photovoltaic cell. The PV cell is
ntended to provide the bias voltage required for the photoelectrol-
sis of water in the photoelectrolysis cell [331]. Another approach is
ntegration of several semiconductors with different bandgaps in a
ingle cell to make better use of broad solar light. It was calculated
hat single-gap electrodes have a solar conversion efficiency limit
f 32%, whereas tandem-junction devices have an efficiency limit
f 42% [332,333]. With a tandem cell based on GaInP2/GaAs p/n, p/n
ultiple bandgap structures, and an efficiency of 12.4% for the H2

eneration was achieved [303].

.1.3. Photoassisted direct methanol fuel cells
Among the various devices, fuel cells have been widely rec-

gnized as an attractive strategy to obtain direct electric energy
rom combustion of chemical fuels. So far, the most promising

aterials developed for the direct methanol fuel cells (DMFCs) are
t–Ru bimetallic catalysts anchored on carbon materials [334,335].
proton exchange membrane (PEM) separates the Pt–Ru/C anode

nd Pt/C cathode and allows ion transport between the two cell
ompartments [336–338]. However, these catalysts are easily poi-
oned by CO and require high loading of expensive metals [339],
hich causes performance losses and adds to the cost of DMFCs. In

rder to solve these problems, several strategies have been adopted,
ncluding reconfiguration of Pt-M alloy electrode [340–342] and
ntroduction of oxides to increase the CO tolerance [343,344].
ntil now, limited investigation has been focused on the HSNs

n the DMFCs such as Pt/TiO2/C [345] It was reported that intro-
uction of TiO2 into Pt significantly increased the surface area
nd thus enhanced the cell performance, due to altered electron
ensity in the d-orbitals of Pt caused by interaction with TiO2
346].

However, in these studies the photoelectrochemical properties
f TiO2 were hardly utilized. Recently, the effect of irradiation on the
erformance of the TiO2/Pt–Ru was investigated [347]. In the study,
iO2 nanoparticles were incorporated into the electrode along with
he Pt–Ru catalyst and methanol oxidation was carried out both
lectrocatalytically and photocatalytically in a synergetic way. As
xpected, the photocatalytical activity of TiO2 enhanced the current
enerated from oxidation of methanol in the Pt–Ru catalyst sys-
em, and the output power of the hybrid cell increased by 30% with

V irradiation. For carbon supported hybrid anode of TiO2/Pt–Ru,

he introduction of TiO2 not only reduced the use of noble metal
nd minimized the poisoning effect, but also contributed to the
hotooxidation of methanol under irradiation and delivered higher
fficiency compared to bare Pt–Ru/C.
Reviews 253 (2009) 3015–3041

3.1.4. Thermophotovoltaic energy conversion
Thermophotovoltaics (TPVs) convert thermal radiation emit-

ted from a high-temperature source into electricity by means of
a photovoltaic diode, as solar photovoltaic systems convert solar
radiation into electricity [348]. Compared to the photovoltaics, TPVs
have a major advantage in certain settings: a generator can operate
at night or when the sky is overcast, thereby eliminating any need
for batteries to store electricity [349]. The two main approaches
to TPVs are selective emitters/filters and TPV converter cell. Selec-
tive emitters/filters allow the use of more moderate temperatures,
while in the latter approach very high temperatures are needed to
achieve good conversion efficiencies.

TPVs materials convert thermal energy into electricity by
absorbing electromagnetic radiation from black-body sources and
creating electron–hole pairs. For the purpose to achieve higher
energy efficiency, TPVs devices are intended to absorb radiation
from sources with lower temperatures, requiring the semiconduc-
tor absorbing materials with bandgaps in the range of 0.4–0.7 eV.
Silicon and germanium were first tried as TPVs converters but were
eventually abandoned because of their low efficiency below 1700 ◦C
[350]. Thereafter, the development of narrow-gap III–V materi-
als within optimum bandgap values for TPVs applications (hybrid
semiconducting materials such as GaSb, InGaAs, and InGaAsSb) has
become popular. To obtain good quality thick absorbers, the film
needs to be lattice matched to a substrate. Meanwhile, the compat-
ibility of the TPVs requires the absorber to have the desired target
bandgap value and strong direct transition. It is often challenging
to simultaneously satisfy these requirements [351]. Two groups of
materials have been studied: (i) InGaAsSb/GaSb with GaSb as the
substrate materials [352], and (ii) InGaAs/InP with InP as the based
materials [353]. Recently, photonic crystals, especially 1D struc-
tures such as Si/SiO2, have been used to improve the efficiency of
TPVs in the form of filberts or dielectric layers [348]. Both the quan-
tum wells as active materials for TPVs and the photonic crystals as
peripheral components to TPV devices are hybrid semiconductor
nanomaterials.

3.2. Photocatalysis and application

3.2.1. Photocatalytic reactions
Nanomaterials have played a critical role in many important

chemical reactions as reactants, catalysts, or photocatalysts. In
relation to optical properties, nanomaterials have been used in pho-
tochemical and photocatalytic reactions. Their reactivities are often
altered or enhanced due to size-dependent changes in their redox
potentials and high density of active surface states associated with
a very large surface-to-volume ratio.

Photocatalysis based on semiconductors plays an important role
in chemical reactions of small inorganic, large organic, and bio-
logical molecules [354,355]. Photocatalytic reactivities are strongly
dependent on the nature and properties of the photocatalysts,
including particle size, shape, and surface characteristics [356].
These properties are sensitive to preparation methods [356]. Impu-
rities or dopants can significantly alter these properties as well as
reactivities [310,357]. For example, selectively doped nanoparticles
have a much greater photoreactivity as measured by their quantum
efficiency for oxidation and reduction than their undoped counter-
parts [307]. A systematic study of the effects of over 20 different
metal ion dopants on the photochemical reactivity of TiO2 colloids
with respect to both chloroform oxidation and carbon tetrachloride
reduction was conducted [307,358]. A maximum enhancement of

18-fold for CCl4 reduction and 15-fold for CHCl3 oxidation in quan-
tum efficiency for Fe(III)-doped TiO2 colloids were observed [359].
As discussed before, such doped MO nanostructures are hybrid sys-
tems with the MO as the primary component and the dopants as
the secondary component.
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oxygen radical (O •−) [366,384]. For example, 4-nitrophenol could
ig. 14. Illustration of the basic principle of photocatalysis based on a hybrid semi-
onductor quantum dots (QDs)-metal nanoparticle (MNP) system. The linker may
r may not be needed.

Another hybrid system related to photocatalysis is composites
ased on semiconductor and metal nanomaterials. Fig. 14 shows
schematic illustration of the basic principle of photocatalytic

eactions involving a hybrid semiconductor QD–metal nanoparticle
MNP) system as a photocatalyst. The photogenerated electron in
he CB of the QD is trapped by the MNP and results in reduction of B
nto B− before, during, or after trapping, while the photogenerated
ole in the VB participates in oxidation of A into A+. When both
hotooxidation and photoreduction are complete, the QD recovers
o its original state and it is thus acting as a photocatalyst. If only
ne of the two reactions take place, the QD will not recover to its
riginal state and a net photochemical reaction has taken place. The
NP can be directly deposited onto the QD and in such a case no

inker molecule is needed. The use of MNP generally enhances the
hotocatalytic efficiency [359].

Photocatalytic oxidation of organic and biological molecules
s of great interest for environmental applications, especially in
he destruction of hazardous wastes or pollutants. The ideal out-
ome is complete mineralization of the organic or biological
ompounds, including aliphatic and aromatic chlorinated hydro-
arbons, into small inorganic, non- or less-hazardous molecules,
uch as CO2, H2O, HCl, HBr, SO4

2−, and NO3
−. Compounds that have

een degraded by semiconductor photocatalysis include alkanes,
aloalkanes, aliphatic alcohols, carboxylic acids, alkenes, aromatics,
aloaromatics, herbicides, and pesticides [359]. In many cases the
olloidal particles show new or improved photocatalytic reactivities
ver their bulk counterparts.

In general, the details of the surface morphology, crystal
tructure, and chemical composition critically influence the photo-
atalytic performance of the photocatalysts [360–364]. Therefore,
hese parameters need to be carefully controlled and evaluated
hen comparing photocatalytic activities of different materials.
ybrid nanomaterials, based on doping or composites, offer the
ossibility to control some of these parameters. The following

ew subsections will provide some specific examples of important
pplications of photocatalysis with emphasis on hybrid semicon-
uctor nanomaterials as photocatalysts.

.2.2. Photochemical transformation of specific compounds
Heterogeneous photocatalysis based on semiconductor nano-
aterials dispersed in liquids or solutions provides the possi-
ility of using the semiconductor/liquid junction as a site for

ight-stimulated redox reactions toward efficient and selective
hotochemical transformation [365]. These photocatalytic redox
Reviews 253 (2009) 3015–3041 3029

reactions require little or no harmful or dangerous chemical
reagents and produce little harmful byproducts. In addition, many
conventional multistep reactions can be substantially simplified
[366].

Semiconductor-sensitized photosynthetic reactions include
oxidation and oxidative cleavage, reduction, isomerization, sub-
stitution, and polymerization, and these reactions can be carried
out in inert solvents [367]. The proposed mechanism for these
reactions can be described as following: with the separation and
migration of photogenerated electron–hole (e−–h+) pair to the
surface of the irradiated semiconductor, the separated photogen-
erated electron or hole can potentially function as an effective
reductant or oxidant, followed by the capture of reducible,
adsorbed species or oxidizable, adsorbed species, respectively. The
reduced or oxidized species then undergo a series of rapid chem-
ical reactions. Subsequent formation of the final products and
desorption from the surface completes the usual photoinduced
reaction sequence. In the photocatalytic oxidation reactions, the
general classes of organic compounds involved include alkanes,
haloalkanes, aliphatic alcohols, carboxylic acids, alkenes, aromat-
ics, haloaromatics, polymers, surfactants, herbicides, pesticides,
and dyes [359,366,368–370]. For example, a silica catalyst contain-
ing isolated Cr-oxide species (Cr amount: 0.1%) showed excellent
catalytic performance in cyclohexane oxidation [371,372]. It was
found that visible light irradiation to an acetonitrile solution con-
taining cyclohexane with Cr-containing silica and O2 produced
cyclohexanone with high selectivity (68%), and only trace amount
of CO2 was formed during the reaction. Recently, visible light
induced solid state polymerization of diacetylene in nanostruc-
tured TiO2 was reported and attributed to the photocatalytic effect
of TiO2 upon absorption of radiation [373]. In addition to organic
compounds, various inorganic compounds are also sensitive to
photochemical oxidative transformation on semiconductor sur-
faces, such as ammonia [374], chromium species [375], copper
[376,377], gold [378], nitrates and nitrites [379], and sulfur species
[380].

Among the photocatalytic reduction reactions, CO2 and
nitrogen-containing compounds are studied most extensively. Pho-
tocatalytic CO2 reduction is a powerful method for transforming
CO2 to useful chemicals and decreasing the amount of CO2 in the
atmosphere. A recent exciting development in this area is the design
of novel photocatalysts for the photocatalytic transformation of CO2
with high efficiency. Silica containing highly dispersed Ti-oxide
species could promote highly selective and efficient photoreduc-
tion of CO2 for the production of methanol and methane, and the
selective methanol formation could be further promoted by means
of hydrophobic treatment of the catalysts [381,382]. With 3 wt.%
CuO-doped TiO2, photoirradiation to a CO2-saturated water shows
the best photocatalytic reductive activity for methanol production
[383]. In such a reduction reaction, CuO is considered to behave as
an efficient electron trap and is able to suppress the recombina-
tion of the electron–hole pairs, thus leading to the improvement
of photocatalytic efficiency [383]. For the photocatalytic reduction
of nitrogen-containing compounds, the reaction rates and selec-
tivities generally can be enhanced by the addition of alcohols and
the removal of O2 from the reaction mixture [366,384]. This is
because alcohols behave as an electron donor to scavenge the pho-
togenerated hole formed on the TiO2 surface for the suppression of
electron–hole recombination and the elimination of the undesir-
able side reactions, while O2 behaves as a competitive scavenger of
the electron (ecb

+) on the TiO2 surface for the formation of reactive

2

be successfully reduced to 4-aminophenol in various alcohols with
irradiated TiO2 semiconductor and the polarity of alcohols plays
very important roles in the photocatalytic reduction reaction rate
[385].
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Furthermore, with separation of photogenerated electron–hole
airs on the surface of the irradiated semiconductor, both reduc-
ion and oxidation centers are created, making it possible to use
hese coupled redox processes for the synthesis of specific organic
ompounds. In fact, several organic compounds were synthesized in
one-pot” by using this coupling reaction, especially through C–N or
–C coupling reactions [386–389]. Photoirradiation to an aqueous
olution containing primary amines in the presence of a powdered
ixture of TiO2 with Pt black (Pt/TiO2 catalyst) gives rise to the

orresponding secondary amines via C–N coupling reaction, involv-
ng a single electron transfer from one reaction center to another
386].

.2.3. Environmental applications: water and air purification
The global industries and agricultures release large quantities of

astewater, on the order of millions of cubic meters every day. Gen-
rally, toxic organic compounds, hazardous inorganic constituents
nd bacteria in wastewater cause pollution to surroundings and
ose severe ecological problems. Thus, the control and destruction
f pollutants in wastewater is a major issue facing the world.

Traditional techniques for treating and disposing wastewater,
ncluding biological treatment, adsorption, and coagulation, are
ften inefficient and result in secondary pollution [390–396]. For
xample, conventional biological treatment of dyes does not lead to
heir complete degradation [397]. As a result, advanced oxidation
rocesses (AOPs) based on the generation of reactive species, such
s hydroxy radicals (•OH), are gaining attention for the oxidative
egradation of pollutants.

Among AOPs, heterogeneous photocatalysis using semiconduc-
or nanomaterials for the wastewater purification appears to be
he most promising technology, because the photoactivated semi-
onductors can completely decompose (mineralize) various kinds
f pollutants that are refractory, toxic, and non-biodegradable,
o CO2, water and mineral acids under mild conditions (room
emperature and atmospheric pressure) [304,359,398–402]. Water
reatment based on photocatalysis provides an important alterna-
ive to other advanced oxidation technologies such as UV-H2O2 and
V-O3 for oxidative mineralization. The photocatalytic mineraliza-

ion of organic compounds in aqueous media typically proceeds
hrough the formation of a series of intermediates of progressively
igher oxygen to carbon ratios [403,404]. Heterogeneous photo-
atalysis involves generation of electrons and holes by light and
heir subsequent reaction with chemicals in water, resulting in the
ltimate degradation of pollutants to the ideal final products of
O2 and H2O. The hydroxyl radicals and superoxide radical anions
re suggested to be the primary oxidizing species in the photo-
atalytic oxidation processes. The photocatalytic activity can be
ignificantly suppressed by the absence of oxygen, possibly because
f back-electron transfer from active species present on photocat-
lyst surface.

An ideal photocatalyst should be photostable, chemically and
iologically inert, abundant and inexpensive, have strong visible
bsorption, and exhibit properties that can be controlled by chang-
ng size, doping, or sensitization [368,405]. For organic compound
egradation, the redox potential of the H2O/•OH (OH− = •OH + e−;
◦ = −2.8 V) couple need to lie within the bandgap of the semi-
onductor [10]. Many semiconductors, such as TiO2, SnO2, ZnO,
rO2, SrTiO3, CdS, MoS2, Fe2O3 and WO3, have been exam-

ned as dynamic photocatalysts for the degradation of organic
ontaminants [406,407]. However, most of these semiconductor
hotocatalysts have bandgap in the ultraviolet (UV) region, i.e.,

3.2 eV (�= 387 nm) and require UV radiation, which is not ideal
or practical applications [408–410]. In addition, surface and vol-
metric charge recombination is another obstacle that hinders
eterogeneous photocatalysis to becoming an efficient purification
ethod.
Reviews 253 (2009) 3015–3041

Various attempts have been made to suppress electron–hole
recombination and to enhance the photosensitivity of photocata-
lysts for applications in wastewater treatment using visible light.
HSNs are promising for this purpose because of the possibility
of controlling and altering their optical properties, which could
lead to enhanced photocatalytic properties compared to pure or
single component semiconductor nanomaterials. One approach
is chemical doping of semiconductor nanomaterials with differ-
ent metal or nonmetal ions [316,411–413]. The main objective of
doping is to reduce the effective bandgap or introduce bandgap
states in the semiconductor, leading to enhanced visible light
absorption and interfacial charge transfer [368]. Dominant dop-
ing parameters include the nature and concentration of dopants
as well as the doping method used [414]. On one hand, doping
can result in narrowing of the semiconductor’s space-charge region
and lead to more efficient separation of the electron–hole pairs
within the region by the large electric field before recombination.
On the other hand, at high level of doping, dopants can act as
trapping sites and enhance electron–hole recombination. Conse-
quently, there is an optimal concentration of dopants in terms of
photon-to-charge conversion efficiency of the doped semiconduc-
tor [415].

There is strong evidence attesting to the positive influence of
dopants on semiconductor photocatalytic activity. For example, the
doping of TiO2 with metal ions, such as V, Cr, Mn, Fe, and Nd,
results in red-shift in the absorption spectrum into the range of
400–600 nm, which shows efficient photocatalytic activities in the
visible [416–419]. Anionic nonmetal dopants such as C [276,420],
N [310,421–424], S [425], B [426], and F [427], were also success-
fully used to extend the semiconductor’s photocatalytic activity
into the visible region. Films and powders of N-doped TiO2 have
shown improved visible light absorption and photocatalytic activ-
ity over bare TiO2 in aqueous media [428]. In addition, co-doping
represents another viable method to improve the charge separa-
tion and enhance the photocatalytic activity in the visible region.
Several studies were reported on co-doped materials such as C
and N [429], S and N [430], F and N [431,432], C and S [433], N
and a variety of metal ions [434,435], and the synergetic effect
of co-doping on photocatalytic activities was also investigated. By
co-doping with Eu3+ and Fe3+ in an optimal concentration, TiO2
shows significantly increase in photocatalytic degradation of chlo-
roform in solution compared to separate doping with Fe3+ or Er3+

[436].
Another approach to enhance photocatalysis in the visible is to

deposit metal on the semiconductor nanoparticle surface, result-
ing in semiconductor–metal HSNs. This results in the formation
of a Schottky barrier at the metal–semiconductor interface, lead-
ing to a decrease in electron–hole recombination. For example,
it was reported that Pd-, Cu-, Pt-coated photocatalysts (Pd/TiO2,
Pd–Cu/TiO2, Cu/TiO2, Pd–Cu–Pt/TiO2) showed a higher activity in
the photodecomposition of 2,4-dinitrophenol, trichloroethylene,
and especially formaldehyde (up to five times) in aqueous solutions
[437]. Similarly, the coupling of two semiconductors, possessing
different energy levels for their corresponding CB and VB, can also
be used to enhance photocatalysis. The enhancement is explained
as a result of vectorial transfer of photogenerated electrons and
holes from one semiconductor to another, e.g. WO3/TiO2 [438],
SnO2/TiO2 [439–441], ZnO/TiO2 [442,443], and CdS/TiO2 [444].
For instance, a combination of CdS/TiO2 leads to an enhance-
ment in the degradation of 2-chlorophenol and pentachlorophenol
by a factor greater than two, consistent with the notion that

photogenerated CdS electrons are vectorially transferred towards
TiO2 particles [444]. In addition, dye sensitization has also been
explored for improving photocatalysis of semiconductors in the
visible [445–450]. In this case, the dye sensitizer is anchored onto
the semiconductor surface and absorbs visible light that results in
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lectron injection into the semiconductor [451]. Subsequent photo-
hemical reactions can lead to degradation of the dye. This method
s useful for removal of colored pollutants in wastewater gener-
ted by the textile industry [405,452–454]. The same approach can
lso be used to assist photodegradation of various colorless organic
ollutants [416,417,455].

Another important application of photocatalytic reactions
nvolving semiconductor nanomaterials is air purification. In gen-
ral, air pollutants mainly include nitrogen oxides (NOx), carbon
xides (CO and CO2), volatile organic compounds (VOCs), and par-
iculates, and many of them are known to be toxic and considered to
e carcinogenic, mutagenic, or teratogenic [456]. These pollutants
re emitted from different sources such as tobacco smoke, vehicular
missions, combustion by-products, cooking, construction mate-
ials, office equipment, and consumer products. The conventional
echniques for air purification generally employ filters to remove
articulate matters or use sorption materials (e.g., granular acti-
ated carbon) to absorb the pollutants, which only transfer, rather
han eliminate, the contaminants and thereby requires additional
teps for disposal or handling [457].

Semiconductor photocatalysis is emerging as a promising alter-
ative technology for efficient air purification at room temperature
nd ambient pressure, because the semiconductor catalysts are
nexpensive and capable of mineralizing most organic compounds
ffectively. The process has many merits over conventional pro-
esses, such as the ability to degrade a broad range of pollutants,
uitability for both liquid and gaseous fluids, and the potential
tilization of sun power. As already mentioned, semiconductor
hotocatalysts can absorb photons under solar irradiation to gen-
rate excited pairs of electrons and holes, which can be further
onverted to hydroxyl radicals (•OH) or superoxide radical anions
•O2

−). These radicals so produced are highly reactive and work
ogether to completely oxidize the organic species, leading to the
nal mineralization of air pollutants. The use of illuminated TiO2
an result in the overall degradation of VOCs together with nitro-
en oxides and sulfur oxides in air [458–460]. However, most of
onventional semiconductor photocatalysts are utilized only under
V light due to its wide bandgap and therefore their applications
ave been limited to a great extent.

HSNs are potentially useful for efficient photodegradation of air
ollutants under visible light. Several investigations have described
nhanced visible light induced photocatalytic properties of semi-
onductors by doping with transition metal ions (such as V, Cr,
n, Fe, Ni) or anions (such as N3−, C4−, S4−) or halides (F−,

l−, Br−, I−) or lanthanide ions (such as La3+, Nd3+) [30,82]. For
xample, several groups reported the visible light photocataly-
is of various TiO2–xNx for VOC decomposition, and found that
hese catalysts could photodegrade gaseous acetaldehyde [310], 2-
ropanol [461], acetone [462], and methylcyclohexene [463] upon

rradiation with visible light. A highly selective photoreduction of
O to N2O and N2 was reported on metal-implanted TiO2 [464],
nd TiO2 photoactivity on photoreduction of NO could also be
mproved by the addition of an adsorbate such as zeolites (A and
), which could concentrate NO on the surface [465]. Nanosized
i–W mixed oxides were effective in photocatalytic degradation
f toluene using sunlight-type excitation [466], and the pho-
oactivity increased with W content and was much better than
iO2 itself and TiO2 P25. Recently, Ln3+-doped TiO2 catalysts for
nhanced photocatalytic oxidation of benzene, toluene, ethylben-
ene and o-xylene (BTEX) for indoor air purification was reported
467]. The enhanced photodegradation of BTEX was proposed

o be due to the improved adsorption ability and the enhanced
lectron–hole pairs separation caused by the presence of Ti3+ on
he surface of La3+–TiO2 catalysts and the electron transfer between
he conduction band/defect level and lanthanide crystal field
tate.
Reviews 253 (2009) 3015–3041 3031

3.2.4. Other applications: self-cleaning, anti-fogging, and
disinfection

Self-cleaning and anti-fogging applications using semiconduc-
tor powders or thin films have become a subject of increasing
interest. The primary principles behind are photocatalysis and
hydrophilicity. Photocatalysis decomposes organic substances that
come into contact with the surface and thus prevent them from
building up. The hydrophilicity makes the cleaning more effec-
tive as the water spread over the surface rather than remains as
droplets, facilitating faster drying of water and preventing undesir-
able water streaking or spotting on the surface [468,469]. TiO2 is
one of the most widely used materials for self-cleaning application
for its thermal stability and photocatalytic properties [470–475].
Moreover, the ability to tune TiO2 between superhydrophilic and
superhydrophobic on surfaces by UV illumination is another advan-
tage. The existence of hydrophilic sites was explained in terms of
photoreduction of Ti4+ to Ti3+ on the hydrophobic TiO2 surface
[470].

Although building materials coated with photoactive TiO2 show
substantial self-cleaning and anti-fogging effects outdoors by
absorbing UV light from the sun, they do not function indoors. This
is because the UV light intensity indoors is too weak for a sim-
ple TiO2 coating to exhibit either photocatalysis or photoinduced
hydrophilicity. In order to obtain indoor photoactive materials,
three different types of hybrid semiconductor nanomaterials based
on TiO2 have been investigated [476] The first one is the TiO2 film
deposited with Cu or Ag [477,478], which is harmless to human
body, and shows a remarkable antibacterial effect since the TiO2
photocatalytic reaction assists the intrusion of antibacterial copper
or silver ions into cells. Thus, even very weak UV light is suffi-
cient to lower cell activity. The second one is layered heterogeneous
film of TiO2/WO3 [479] or TiO2/SiO2 [480], which becomes highly
hydrophilic even under weak light since the photogenerated holes
produced in WO3 by UV light are transferred to the TiO2 side due
to the interfacial potential gradient and then used for hydrophilic
conversion. The last one is TiO2 film doped with anions, including
nitrogen, sulfur, and carbon [476], which can be highly hydrophilic
by absorbing visible light.

Disinfection or inactivation of biological species such as bac-
teria is of strong interest for many applications. Photocatalysis
has been introduced as one of the promising processes in the
inactivation of bacteria in water since 1985 [481]. Most reports
with respect to inactivation of bacteria use UV light as the light
source, [482–484], since the widely used TiO2 photocatalyst is
active only in the UV range. Under UV illumination, electron–hole
pairs generated from TiO2 are able to degrade chemicals and/or cell
components of microorganisms into products such as water and
CO2 [359,368,485,486].

Although the bactericidal mode of TiO2 photocatalysis has been
investigated mostly with the use of fine TiO2 particles, this type of
photocatalytic systems is of limited practical importance because
of the need of ultimately removing highly dispersed photocata-
lyst from the treated solution by filtration or centrifugation. To
overcome this drawback, several approaches have been proposed,
including fabrication of magnetic photocatalysts and combination
of nanocrystalline titania with organic mesophases [487]. Another
bottle-neck for titania is the limited efficiency, and numerous
strategies have been investigated to improve the performance. The
modification of titania particles or thin films with metal nanopar-
ticles, especially particles of noble metals, is commonly used for
enhancing the efficiency of photocatalysis. The metal deposits

generally act as the sink for photoinduced charge carriers, thus
promoting interfacial charge transfer reactions or improving the
selectivity of the photoinduced reactions on the photocatalyst
surface [488–490]. In these cases, TiO2 photoactivity is strongly
influenced by the presence of noble metals such as silver. Silver
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s well-known for its bactericidal capability, whereas Ag+ ion is a
trong electron donor primarily involved in interaction with cell
roteins through sulfydryl groups [481]. Silver nanoclusters release
g(0) and both Ag+ ion and Ag(0) atom have the ability to rapidly
ill bacteria and fungi [491]. Moreover, silver metal on titania sur-
ace can strongly influence charge separation upon light absorption
nd thereby photochemical ctivity [492] Besides, metals like sil-
er and copper can change the surface characteristics of titania at
ocal level. For example, a loading of ca. 5 wt.% of Cu can induce

easurable variations in the point of zero charge (PZC), altering
he initial steps of microorganism interaction (adhesion) to cat-
lyst surface [493]. It was reported that bactericidal activities of
anostructured TiO2 films modified with Ag and bimetallic Ag/Ni
anoparticles as well as TiO2/In2O3 films, introduced recently as
highly effective nanocomposite photocatalysts, are effective in

illing both Gram-positive and Gram-negative bacteria with special
eference on the role of the photoproduced reactive oxygen species
f different types in the cell inactivation [494]. Similarly, Ag/ZnO
anocomposite has also been demonstrated to show antibacteria
ctivity [201,495].

With developments of visible light n-TiO2 photocatalyst by
nionic doping, such as N, C, S, or F, a greater portion of the solar
pectrum or just indoor light may be used to provide photocatalytic
apability. However, one problem with the current anion-doped
iO2 photocatalysts is that they lose their photocatalytic capability

n the dark environment, where they could not produce electron
nd hole pairs. Therefore, it would be more desirable to design
visible light photocatalyst system which can provide enhanced

hotocatalytic efficiency by minimizing charge carrier recombi-
ation. It would be even better if the improved photocatalyst
an store some of its photocatalytic activity in “memory” so that
nce the photoexcitation is turned off, the catalyst still remains
ctive for an extended period of time. A visible light photocata-
yst based on palladium oxide nanoparticles dispersed on N-doped
-TiO2, hereafter referred to as TiON/PdO, demonstrated not only
much faster photocatalytic disinfection rate on Escherichia coli

E. coli) under visible light illumination than N-doped TiO2 (TiON),
ut most strikingly, a “memory” catalytic disinfection capability
fter visible light illumination was turned off for extended peri-
ds of up to 8 h [496,497]. These unusual antimicrobial properties
f TiON/PdO are derived from the optoelectronic coupling between
dO nanoparticles and TiON semiconductor, which promotes the
harge carrier separation in TiON and results in the chemical reduc-
ion of PdO to Pd0. While the separation of the charge carriers
reatly enhances the visible light photocatalytic killing of E. coli,
“memory” antimicrobial effect results from the catalytic effect

f Pd0. The strong antimicrobial effects of TiON/PdO photocata-
yst under visible light and their post-illumination activity open up
he possibility of solar-powered disinfection during daytime and at
ight, for a broad range of environmental applications. In addition,
SNs, such as CdSe/ZnS–photosensitized nano-TiO2 film (QDs-
iO2 film) [498], ethylene–vinyl alcohol copolymer (EVOH)–TiO2
anoparticle composites [499], and ZnIn2S4 film electrode [500],
ave been used in disinfection under visible or UV light at low

ntensity.

.3. Photonics: lasers, LEDs, solid state lighting, and displays

.3.1. Lasing and lasers
One area of application of nanomaterials that has attracted con-

iderable interest is lasers. It is in principle possible to built lasers

ith different wavelengths by changing the particle size. There

re two practical problems with this idea. First, the spectrum of
ost nanoparticles is usually quite broad due to homogeneous and

nhomogeneous broadening. Second, the high density of trap states
eads to fast relaxation of the excited charge carrier, making it dif-
Reviews 253 (2009) 3015–3041

ficult to build up population inversion necessary for lasing. When
the surface of the particles is clean and has little defects, the idea of
lasing can indeed be realized. This has been demonstrated mostly
for nanoparticles self-assembled in clean environments based on
physical methods, e.g. molecular beam epitaxy (MBE) [501–504]
or metal organic chemical vapor deposition (MOCVD) [505]. Exam-
ples of quantum dot lasers include InGaAs [501], InAs [503], AlInAs
[502,504], and InP [506]. Stimulated emission was also observed
in GaN quantum dots by optical pumping [505]. The lasing action
or stimulated emission was observed mostly at low temperature
[504,506]. However, room temperature lasing was also achieved
[501,502].

Recently, lasing action was observed in colloidal QDs of CdSe
based on wet chemistry synthesis and optical pumping [507]. It was
found that, despite highly efficient intrinsic non-radiative Auger
recombination, large optical gain can be developed at the wave-
length of the emitting transition for close-packed solids of CdSe
QDs. Narrow-band stimulated emission with a pronounced gain
threshold at wavelengths tunable with size of the nanocrystal was
observed. This work demonstrates the feasibility of nanocrystal
quantum dot lasers based on wet chemistry synthesis. Whether
real laser devices can be built based on this type of nanoparti-
cles remains to be seen. Also, it is unclear if electrical pumping of
such lasers can be realized. Likewise, nanoparticles can be poten-
tially used for laser amplification and such application has yet to
be explored. Nanoparticles such as TiO2 have also been used to
enhance stimulated emission for conjugated polymers based on
multiple reflection effect [508].

3.3.2. Light emitting diodes (LEDs)
Nanoparticles have been used for LED application in two ways.

First, they are used to enhance light emission of LED devices
with other materials, e.g. conjugated polymers, as the active
media. The role of the nanoparticles, such as TiO2, is not com-
pletely clear but thought to enhance either charge injection or
transport [509]. In some cases the presence of semiconductor
nanocrystals in carrier-transporting polymers was found to not only
enhance the photoinduced charge generation efficiency but also
extends the sensitivity range of the polymers, while the polymer
matrix is responsible for charge transport [510,511]. This type of
polymer/nanocrystal composite materials can have improved prop-
erties over the individual constituent components and may have
interesting applications.

Second, the nanoparticles are used as the active materials for
light generation directly [182,504,512–516]. In this case, the elec-
tron and hole are injected directly into the CB and VB, respectively,
of the NPs and the recombination of the electron and hole results
in light emission. Fig. 15 shows the absorption, PL, and EL spec-
tra of CdSe/ZnS core/shell quantum dots in multilayered LEDs
[516].

Several studies have been reported with the goal to optimize
injection and charge transport in such device structures using CdS
[514] and CdSe nanoparticles [182,512]. Since the mobility of the
charge carriers is usually much lower than in bulk single crys-
tals, charge transport is one of the major limitations in efficient
light generation in such devices. For example, photoconductivity
and electric field induced photoluminescence quenching studies
of close-packed CdSe quantum dot solids suggest that photoex-
cited, quantum confined excitons are ionized by the applied electric
field with a rate dependent on both the size and surface passi-
vation of the quantum dots [517,518]. Separation of electron–hole

pairs confined to the core of the dot requires significantly more
energy than separation of carriers trapped at the surface and
occurs through tunneling processes. New nanostructures, such as
nanowires [519,520], nanorods [51,521–523], and nanobelts [524],
provide some interesting alternatives with better transport prop-
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Fig. 15. Absorption (dotted lines), photo- (dashed lines), and electrolumines-
cence (solid lines) spectra for 3.2 nm (A), 4.1 nm (B), and 5.4 nm (C) diameter
CdSe QDs covered by 2 MLs of ZnS. Voltages and currents are: (A) 5.5 V,
0.11 mA; (B) 5.0 V, 0.08 mA; (C) 4.0 V, 0.06 mA, respectively. Schematic of the
structure of the multilayered CdSe/ZnS QD LEDs is shown in the inset. Abbrevia-
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ions: TPD for N,N -diphenyl-N,N -bis(3-methylphenyl)-1,1 -biphenyl-4,4 -diamine;
EDOT:PSS for poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); ITO for

ndium tin oxide; and PBD for 2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-
xadiazole. Reproduced with permission from Ref. [516].

rties than nanoparticles. Devices such as LEDs based on such
anostructures are starting to be developed.

.3.3. Solid state lighting-AC powder electroluminescence (ACPEL)
One major photonics application of doped or hybrid semicon-

uctor nanomaterials is solid state lighting. Solid state lighting
s an area of fast growth. Approximately one-third of the United
tates electricity is consumed by lighting, an industry that is largely
ominated by relatively old technologies such as the incandes-
ent and fluorescent light bulb. New innovations in lower cost and
igher efficiency solid state lighting are expected to significantly
educe our dependence on fossil fuels. A solid state lighting tech-
ology that is already compatible with low cost manufacturing is
C powder electroluminescence (ACPEL). Discovered in 1936 [525],
owder electroluminescence utilizes emission from ∼40 to 50 �m-
ized-doped ZnS:Cu,Cl phosphor particles and requires relatively
ow applied electric fields (104 V/cm) compared to DC EL which
equires electric fields near 106 V/cm. More recently, microencap-
ulation technology was successfully applied to ZnS:Cu,Cl powder
hosphors so that the emissive particles can be deposited on plas-
ic substrates under open air, non-clean-room conditions using low
ost, large area print-based manufacturing. Consequently, ACPEL
ights are one of the least expensive large area solid state lighting
echnologies, and the characteristic blue-green light can now be
ound in many products. Furthermore, fluorescent energy conver-
ion and doping can readily be used to convert the blue-green light
o the white light preferred for normal everyday lighting. Using a
ariety of dopants (I, Br, Al, Mn, Pr, Tm, etc.), other colors can also
e obtained [526,527].

The mechanism for light emission from ZnS:Cu,Cl particles is
hought to be due to localized electron and hole injection near

uxS inclusions which requires an alternating current (AC) to enable
he frequency-dependent electron–hole recombination. While this
rocess is highly efficient, the lifetime and power efficiency of
CPEL lights are heretofore too low to provide a replacement for
hite lights. The power efficiency is limited by the large ZnS:Cu,Cl
Fig. 16. EL spectra of ZnS:Cu+,Al3+ nanodots and nanorods. (Inset) Schematic struc-
ture of AC EL device based on nanodots/nanorods. Reproduced with permission from
Ref. [529].

particle size (>20 �m) over which the electric field is dropped,
resulting in the need for higher voltages, ∼120 V, to achieve the
brightness needed for solid state lighting. Research on phosphor
nanoparticles has attempted to address the voltage issue; how-
ever, these systems typically have significantly reduced lifetime
and quantum efficiency due to poor charge transport and/or trap-
ping. For example, an EXAFS study was conducted to understand
how the degradation depends on the local microstructure about Cu
in doped ZnS:Cu,Cl and have found that the degradation process
is reversible through modest application of elevated temperatures
(∼200 ◦C) [528]. Note that although the particle size is large (typ-
ically 20–50 �m), the active regions within each particle are near
CuxS precipitates a few nm in size; hence it is essential to under-
stand the CuxS nanoparticle precipitates within the ZnS host and
how they interact with other optically active centers. Nanopar-
ticle and nanorod systems exhibiting AC EL have been reported
recently [527,529]. Fig. 16 shows EL spectra of ZnS:Cu+,Al3+ nanodot
and nanorods that clearly exhibit different radiative recombination
pathways based on their different EL spectroscopic features [529].

A recent study of ZnS:Cu NPs using combined PL and EXAFS stud-
ies has found that the Cu exists in the +1 oxidation state and the
Cu dopant ions are in the interior but near the surface of the host
ZnS NPs [243]. Further research is needed to better understand the
local atomic structure of dopants and its correlation to the PL and
EL properties relevant to solid state lighting applications.

3.3.4. Photochromic and electrochromic displays
Photochromism refers to the reversible transformation of a

chemical species between two forms, e.g. isomers, by the absorp-
tion of light [530]. The two forms usually have quite different
absorption spectra in the visible, and therefore photoinduced trans-
formation from one form to another results in color changes. If the
transformation is induced electrically, the process is called elec-
trochromism. These phenomena have found applications in light
attenuation, data storage, sunglasses, switchable windows, and

sensors [530,531]. They have been observed mostly in organic
molecules, such as spiropyrans and spriooxazines, azobenzenes,
and quinones, or inorganic substances such as silver chloride and
other metal halides [532–534].
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Photochromism and electrochromism have also been reported
or semiconductor nanomaterials including HSNs [535,536]. For
xample, a transparent working electrode coated with Ag–TiO2
anocomposite exhibits multicolor photochromism [537]. Simi-

arly, photochromic properties of MoO3 and Au nanocomposite
hink films have been demonstrated [536]. Inorganic transition

etal oxides, such as WO3, MoO3 and V2O5, are used as the
lectrochromic materials [537]. For example, when WO3 was elec-
rochemically reduced in the presence of cations small enough to
enetrate into the oxide lattice, a bluish-colored tungsten bronze
ould be formed [538]. The electrochromic process was highly
eversible and lifetimes of over 107 cycles have been achieved in
isplay applications [538]. During the process, W6+ was reduced
o W5+, and the color was considered to be resulted from an inter-
alence charge transfer process between W5+ and W6+ sites [539].
nother example is TiO2 based HSNs, in which 3-methylthiophene

MeT) was electrochemically incorporated with nano- and meso-
orous TiO2 films to form poly(3-methylthiophene) (PMeT)/TiO2
anocomposite electrochromic electrodes with enhanced long-
erm stability [540].

In addition, photoelectrochromic (PE) devices based on a com-
ination of dye-sensitized solar cells [249,250] and electrochromic

ayers [531] have been reported. In contrast to electrochromic
evices, the coloring in PE devices is induced by light illumi-
ation and no external bias is needed [291]. The transmittance
ecreases under light illumination and can be reverted in the
ark. Furthermore, in contrast to photochromic devices, the sys-
em is externally switchable [291]. As an example of PE application
ased on HSNs, WO3–TiO2 hybrid layers were used to assemble
E devices that allow high optical modulation with the visi-
le transmittance changes from 62% to 1.6%. The coloring and
leaching processes were finished within 10 min, while self-
leaching extended beyond 100 h [291]. Applications of PE devices

nclude switchable sunroofs in cars or smart windows in buildings
541].

.4. Chemical sensing and biomedical detection, imaging, and
herapy

Semiconductor nanomaterials have optical properties useful for
hemical and biomedical applications, including detection, imag-
ng, and therapeutic treatment. Detection, analysis and sensing of
hemicals and biochemicals are important to a number of indus-
rial and technological applications ranging from medicine to food,
lectronics, security, and chemical industry. Equipment or devices
sed for such analytical purposes operate based on different mech-
nisms. The basic idea is that signal detected contains information
bout the target analyte and can thus be used for its identification.
he signal is generated when the analyzer or sensor interacts with
he target analyte and the interaction usually needs to be triggered
y a stimuli or source of energy. The source stimuli and the signal
etected can come in many forms, e.g. light, heat, current or voltage,
agnetic, mechanical, or sound. Among these, optical stimulation

nd detection are the most common and have the advantage of low
ost and non-invasiveness.

We will focus our discussion on optical sensing and detection
sing HSNs. Optical sensors are analyzers that involve light as the
timuli and/or the signal for detection. For instance, light can be
sed to excite an analyte, and optical signal can be detected in
erms of fluorescence or Raman scattering. Both semiconductor and

etal nanostructures have been used extensively for chemical and

iomedical detection by taking advantage of their unique optical
roperties. The detection scheme usually makes use of their absorp-
ion, scattering, or other effects such as photothermal conversion
542–546]. In this section, we will concentrate on a few specific
pplication examples.
Reviews 253 (2009) 3015–3041

3.4.1. Luminescence-based detection
The basic mechanism behind many optical sensors is the detec-

tion of changes of optical signatures of nanomaterials when they
interact with target analyte molecules. The optical signature could
be absorption, luminescence, or Raman scattering. Among these,
luminescence is the most popular for the reason that it is highly
sensitive, ubiquitous, and easy to detect. Almost all semiconductors
and insulators are luminescent to different degrees at the appro-
priate excitation wavelength. Metal are often non-luminescent or
very weakly luminescent, but can be strongly luminescent when
inter-band transitions are involved with appropriate excitation
wavelength.

QDs have been widely used, in place of dye molecules, as fluores-
cence labels in biomedical detection. Compared to dye molecules,
QDs offer broader absorption and PL tunability, choice of multiple
colors from the same chemical composition, flexibility for surface
functionalization, and, in some cases, less photobleaching or higher
stability [97,102,181,547–550]. The optical signal detected is usually
fluorescence from the QDs conjugated to appropriate biomolecules
of interest, e.g. DNA and proteins. In these systems, the QDs are
the primary component while the biological molecules are the
secondary component. Together, the QDs and biomolecule form a
hybrid system.

In most cases, luminescence quenching or enhancement of a flu-
orophore is detected when the fluorophore interacts with a target
analyte. The degree of luminescence quenching or enhancement
should ideally be linearly proportional to the analyte concentration
over a broad range (large dynamic range) and sensitive down to a
very low concentration (sensitivity) with small background (low
noise).

One of the most commonly encountered techniques based on
photoluminescence is fluorescence or Förster resonance energy
transfer (FRET). FRET is often used to determine the distance
between two functional groups in a molecule [551]. FRET involves
non-radiative transfer of energy from a donor molecule (or
nanoparticle) to an acceptor molecule (or nanoparticle). Therefore,
the signature of FRET is quenching of the donor fluorescence fol-
lowed by lower energy or longer wavelength fluorescence of the
acceptor. FRET efficiency, EFRET, defined as the fraction of energy (in
photons) absorbed by the donor that was subsequently transferred
to the acceptor, is expressed as:

EFRET = R6
0

R6
0 + R6

= 1

1 + (R/R0)6
(3)

where R0 is the Förster distance and R is the distance between the
center of the donor and acceptable fluorophore dipole moments.
From this equation, it is clear that, at the Förster distance, the FRET
efficiency is 50%. The Förster distance R0 is determined by the spec-
troscopic overlap between the donor fluorescence and acceptor
absorption, fluorescence quantum yield of the donor in the absence
of the acceptor, the refractive index of the medium, and the dipole
orientation factor.

More relevant to experimental measurement is the expression:

EFRET = 1 − FDA

FD
= 1 − �D

�DA
(4)

where FDA and �DA are, respectively, the fluorescence intensity and
lifetime of the donor in the presence of the acceptor, FD and �D
are the fluorescence intensity and lifetime of the donor when the
acceptor is far away or absent. Eq. (4) shows that the FRET efficiency
ranges from zero when the acceptor is far away and FDA = FD to 1

when the acceptor is very close to the donor and FDA is near zero
(complete quenching). By attaching appropriate donors and accep-
tors to functional groups of interest in a molecule and measuring
the FRET efficiency, one can determine the distance between the
functional groups. For FRET to work effectively, the donor fluores-
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ence spectrum must overlap with the absorption spectrum of the
cceptor. This is to ensure effective coupling or interaction between
he donor and acceptor dipoles. In addition, the distance between
he donor and acceptor cannot be too far, usually within 5 nm.

While most earlier studies of FRET are based on molecular sys-
ems, recent work on using semiconductor nanoparticles or QDs for
RET has been conducted successfully, often with QDs as donors
552–555] and, to a lesser degree, as acceptors [556–558], or both
s donors and acceptors [559]. QDs are less ideal as acceptors due
o their typically broad absorption that easily results in absorption
f the light used to excite the donor. One limitation for QDs in FRET
s their relatively large size compared to molecular systems. Their
dvantages include size-tunable absorption and emission as well
s enhanced photostability when properly passivated.

As an example, FRET has been demonstrated between two dif-
erent sized QDs, with the larger, red-emitting one conjugated

ig. 17. Fluorescent microscopy images of encoded cells in various cellular assays. (A) Im
ith 530 nm QDs and fixed for immunostaining using rabbit antitubulin IgG fraction, b

hown is a composite of the Cy3 and QD images. (B and C) Binding of CGP-12177 (a fluo
ncoded with 530 nm QDs and incubated with 250 nM BODIPY TMR (±) CGP-12177 (a lon
f 1 �M unlabeled CGP-12177 (a beta3-receptor agonist). Shown are composites of the Q
uorescence. (D and E) Agonist-induced internalization of the �2-adrenergic receptor. CH
Ds and incubated in the absence (D) or presence (E) of 10 �M isoproterenol. The cells w

sothiocyanate (FITC) and QD images. Reproduced with permission from Ref. [570].
Reviews 253 (2009) 3015–3041 3035

to an antigen (bovine serum albumin) and the smaller green-
emitting one attached to the corresponding anti-BSA antibody (IgG)
[559]. The formation of BSA-IgG immuno-complex resulted in FRET
between the two different QDs as evidenced by the quenching of the
luminescence of green-emitting QDs and simultaneous enhance-
ment of the emission of the red-emitting QDs. This study shows
that FRET based on QDs can be potentially useful for detection of
antigens using corresponding known antibodies. Besides FRET, QDs
have been used in direct detection of biological molecules such as
DNA [560–562] as well as imaging [563] based on fluorescence from
the QDs. They have also been utilized for detection of metal ions

[564,565] as well as radicals [566].

3.4.2. Chemical and biochemical imaging
Imaging is attractive since it provides spatial information

besides spectroscopic information compared to conventional opti-

munostaining of tubulin in Chinese hamster ovary (CHO) cells. Cells were encoded
iotinylated goat anti-rabbit IgG, and streptavidin-conjugated Cy3 (a cyanine dye).
rescent ligand) to CHO cells expressing the 2-adrenergic receptor. CHO cells were
g-acting fluorescent beta2-adrenoceptor agonist) in the absence (B) or presence (C)
D and BODIPY images. Binding was measured as total pixel intensity of CGP-12177

O cells expressing HA-tagged �2-adrenergic receptor were encoded with 608 nm
ere assayed for receptor internalization. Shown is a composite of the fluorescein
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al detection based on spectroscopy. However, it is understandably
ore involved in terms of instrumentation as well as signal pro-

essing and data analysis. Optical imaging is a 2D display of optical
ignal, usually emitted or scattered photons, containing 3D infor-
ation. Usually the vertical axis represents the optical signal

ntensity while the two axes in the plane represent a combination
f space and/or spectroscopic frequency.

QDs have been successfully used for imaging in cell biology
nd animal biology. In cell biology applications, QDs are used as
mmunolabels and offer potential advantages over conventional
rganic dye molecule in terms of stability against photobleach-

ng, tunable and broad absorption, tunable and narrow PL band,
ossibility for multiplexing, and flexibility for surface modification
97,101,104,567–569]. QDs have been used not only to label cellu-
ar structures and receptors and to incorporate into living cells but
lso to track the path and fate of individual cells including stems
ells [100,549,568,570]. For example, different QDs have been used
o label various subpopulations of Chinese hamster ovary (CHO)
arcinoma cells on a substrate [570]. Fig. 17 shows representative
uorescent microscopy images of encoded cells in different cellular
ssays [570]. This study demonstrates the usefulness of multicol-
red QDs in cell labeling applications.

In live animal imaging applications, the surface of QDs is very
mportant for toxicity and other considerations such as binding
r accumulation in different organs. For example, surface modi-
cation of QDs with high molecular weight polyethylene glycol

PEG) molecules is effective in reducing undesired accumulation
n the liver and bone marrow [105]. Compared to visible light,
ear IR light penetrates deeper into tissues and has less scattering.
herefore, near IR emitting QDs are desired for animal imag-

ng applications, as has been demonstrated using small bandgap
dTe/CdSe core/shell QDs [571]. It is clear that both the optical and
urface properties of QDs are critical for animal imaging applica-
ions. More research is needed to better understand some of the
undamental issues including interaction between QDs and differ-
nt cells, toxicity, and mechanism of biodegradation of the QDs. The
Ds used in imaging are passivated with or conjugated to organic
nd/or biological molecules. The overall systems are therefore
SNs.

.4.3. Biomedical therapy
Besides detection and imaging applications, some nanomate-

ials have also been explored as therapeutic agents. In relation to
ptical properties, one interesting application is the use of nanoma-
erials as photosensitizer in a process called photodynamic therapy
PDT). PDT is a medical technique for cancer treatment that uses a
ombination of light, photosensitizers, and oxygen [572]. The basic
echanism is that photoexcitation of the photosensitizer leads to

eneration of radical and/or singlet oxygen that results in cancer cell
ecrosis. Most photosensitizers are molecules with strong visible
r near IR absorption, e.g. porphyrins [573]. Ideal photosensitiz-
rs should have low dark toxicity and strong light absorption, can
electively localize onto cancer tissues, are stable and efficient in
enerating useful singlet oxygen and/or radicals.

Semiconductor nanoparticles have been exploited and success-
ully demonstrated to be potentially useful for PDT applications. For
xample, Si nanocrystals are effective in singlet oxygen generation
ia an exchange of electrons with mutually opposite spins between
he photoexcited Si nanocrystal and ground state (triplet) oxygen
574]. Supporting evidence includes PL quenching of Si NC by O2
nd light emission from the singlet oxygen at 0.98 eV [575]. Simi-

arly, CdSe QDs were explored for PDT application and found to be
ble to generate singlet oxygen directly via a triplet energy transfer
echanism [576]. Nanoparticles, such as gold and silica, have been

sed for photosensitizer delivery in PDT applications [577–579]. In
hese cases, the QDs or nanoparticles are the primary system while
Reviews 253 (2009) 3015–3041

the surface capping molecules or photosensitizers to be delivered
are the secondary system for such effective HSNs.

4. Summary

A number of hybrid semiconductor nanomaterial (HSN) sys-
tems have been discussed with their optical properties highlighted.
Besides the systems presented, there are many other hybrid nanos-
tructures that we did not cover, including inorganic metal–metal,
that tend to have strong interaction between their constituent com-
ponents and thereby complex optical properties. The examples
covered illustrate the diversity and usefulness of hybrid materials.
There are practically unlimited possibilities for generating compos-
ite materials due to the many parameters and material components
one can choose and vary. New hybrid nanomaterials are expected
to continue to be developed and studied, and new applications are
to be exploited for emerging technologies.
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