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C O N S P E C T U S

The ability to engineer the band gap energy
of semiconductor nanocrystals has led to

the development of nanomaterials with many
new exciting properties and applications. Band
gap engineering has thus proven to be an
effective tool in the design of new nanocrystal-
based semiconductor devices. As reported in
numerous publications over the last three
decades, tuning the size of nanocrystalline
semiconductors is one way of adjusting the
band gap energy. On the other hand, research
on band gap engineering via control of nanocrystal composition, which is achieved by adjusting the constituent stoichiom-
etries of alloyed semiconductors, is still in its infancy. In this Account, we summarize recent research on colloidal alloyed
semiconductor nanocrystals that exhibit novel composition-tunable properties.

Alloying of two semiconductors at the nanometer scale produces materials that display properties distinct not only from
the properties of their bulk counterparts but also from those of their parent semiconductors. As a result, alloyed nanocryst-
als possess additional properties that are composition-dependent aside from the properties that emerge due to quantum
confinement effects. For example, although the size-dependent emission wavelength of the widely studied CdSe nanocryst-
als can be continuously tuned to cover almost the entire visible spectrum, the near-infrared (NIR) region is far outside its
spectral range. By contrast, certain alloy compositions of nanocrystalline CdSexTe1-x, an alloy of CdSe and CdTe, can effi-
ciently emit light in the NIR spectral window. These NIR-emitting nanocrystals are potentially useful in several biomedical
applications. In addition, highly stable nanocrystals formed by alloying CdSe with ZnSe (i.e., ZnxCd1-xSe) emit blue light with
excellent efficiency, a property seldom achieved by the parent binary systems. As a result, these materials can be used in
short-wavelength optoelectronic devices.

In the future, we foresee new discoveries related to these interesting nanoalloys. In particular, colloidal semiconductor
nanoalloys that exhibit composition-dependent magnetic properties have yet to be reported. Further studies of the alloy-
ing mechanism are also needed to develop improved synthetic strategies for the preparation of these alloyed nanomaterials.

1. Introduction

The band gap energy, Eg, determines many of the

semiconductor’s properties, and because of this a

great deal of interest has been given to band gap

engineering as a powerful technique in the devel-

opment of new semiconductor materials, particu-

larly at the nanoscale. Due to quantum con-

finement, reducing the dimensions of a semicon-

ductor to a size comparable to or smaller than its

exciton Bohr radius effectively widens its energy

gap. Thus, altering the nanocrystal size is one way

of tuning the semiconductor band gap. Size-con-

trolled syntheses of semiconductor nanocrystals

(often referred to as quantum dots, QDs) that

exhibit band-gap-dependent properties have been

widely investigated.1-3 These properties are
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remarkably different from those of the corresponding bulk

material and have given rise to a multitude of potential appli-

cations in a wide array of fields, which include optoelectron-

ics, catalysis, photovoltaics, and biological imaging. However,

in many particular applications, very small nanocrystals are

necessary to achieve the desired properties and the instabil-

ity of particles with extremely small diameter (<2 nm) poses

a great problem. It has thus become a challenge to be able to

tune the nanocrystal properties independent of their size.

Another means of tailoring the semiconductor band gap is

by changing the particle composition via control of constitu-

ent stoichiometries. This can be achieved by creating a solid

solution (i.e., an alloy) of two semiconductors with different

energy gaps. An increase in band gap energy is generally

observed with increasing content of the wider band gap semi-

conductor. This technique should not be confused with dop-

ing (i.e., the intentional introduction of impurity atoms into a

semiconductor). While impurity doping is a process chemi-

cally related to alloying, it does not really shift the band gap

of the host semiconductor but modifies the band structure by

creating electronic energy levels (dopant states) within the

band gap that allows for lower energy light emission.4

Our group has reported the preparation of composition-

controlled alloyed semiconductor nanocrystals of superior

quality by employing an effective high-temperature synthetic

strategy. Our synthesized ZnxCd1-xSe nanocrystals display

composition-tunable emission color across the visible spec-

tral window (Figure 1) and exhibit luminescence efficiencies

that can rival those reported for the most often studied CdSe

nanocrystals.5 Moreover, these alloyed nanomaterials have

shown interesting properties that are not observed in the sim-

pler binary systems. In this Account, we focus our review on

the synthesis, applications, and composition-tunable proper-

ties of colloidal alloyed semiconductor nanocrystals that have

been reported over the past decade.

2. Classification of Alloyed Semiconductor
Nanocrystals
Alloyed semiconductor nanocrystals can be classified as hav-

ing (1) a uniform internal structure (i.e., homogeneous) or (2)

a gradient internal structure, where the alloy composition var-

ies in different parts of the nanocrystal. These are different

from the core-shell structure, where a thin layer of a wider

band gap semiconductor is grown on the surface of a core

semiconductor. Figure 2 schematically shows the difference

between nanocrystals having a homogeneous, gradient, and

core-shell structure.

Depending on the number of component elements that

constitute the alloy, they can be classified as either ternary (3

elements) or quarternary (4 elements). Ternary alloys are

formed when the parents are two binary systems with either

a common anion or cation. For instance, alloying of M′A and

M′′A produces (M′A)x(M′′A)1-x or simply M′xM′′1-xA, where M′
and M′′ are two different cations and A is the common anion.

ZnxCd1-xSe is an example of this type of alloy. Common cat-

ion alloyed composition, MA′xA′′1-x, is formed through alloy-

ing of MA′ and MA′′, where M is the common cation while A′
and A′′ are two different anions. An example of which is

CdSxSe1-x, an alloy of CdS and CdSe.

Alloying of two binary systems with no common elements

produces quarternary alloys having the composition

M′xM′′1-xA′yA′′1-y. Nanocrystals of this type of alloy have not

been colloidally prepared until recently, with the synthesis of

ZnxCd1-xSySe1-y QDs in paraffin liquid by Deng and co-work-

ers.6 Quarternary alloys can also form through alloying of ter-

nary I-III-VI2 semiconductors, also referred to as chalcopyrite

materials. The most notable example of this is CuInxGa1-xSe2

(CIGS), which results from alloying CuInSe2 and CuGaSe2.7

Alloying a ternary with a binary semiconductor can also yield

a quartenary system as in the case of (CuInS2)x(ZnS)1-x.8

3. Colloidal Synthesis

Alloyed semiconductor nanostructures have been prepared

through synthetic approaches that involve solid-state reaction/

FIGURE 1. Composition-tunable emission color of alloyed
ZnxCd1-xSe nanocrystals.

FIGURE 2. Schematic representation of spherical nanocrystals
having a (a) homogeneous, (b) gradient, and (c) core-shell structure
using ZnCdSe as example.
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decomposition, thermal evaporation, and vapor deposition.

The use of sol-gel process (with solid-state annealing as the

final step) has also been demonstrated, particularly in the syn-

thesis of MgxZn1-xO nanomaterials.9 In this Account, we focus

mainly on purely colloidal routes to alloyed semiconductor

nanocrystals.

3.1. ZnxCd1-xSe. The widely used high-temperature rapid

injection technique has been the most successful in produc-

ing colloidal nanocrystals of high monodispersity.10 Our group

has demonstrated the use of this approach in the prepara-

tion of high-quality homogeneous ZnxCd1-xSe QDs.5 The pro-

cedure involves the consecutive rapid injection of solutions of

ZnEt2 and TOP-Se into a hot solution of preprepared CdSe QDs

in coordinating solvents. The composition was tuned by vary-

ing the molar ratio of the Zn and Cd precursors. The high

monodispersity and crystallinity of the resulting nanocrystals

are evident from their high-resolution transmission electron

microscopy (HRTEM) images as shown in Figure 3 for 7.5 nm

Zn0.67Cd0.33Se QDs. The systematic shifting of the diffraction

peaks toward larger angles as the Zn content increases (Fig-

ure 3) is indicative of the decrease in lattice parameter due to

the smaller ionic radius of Zn relative to that of Cd and is con-

sistent with Vegard’s law. This rules out phase separation or

separated nucleation of ZnSe nanocrystals and is an indica-

tion of homogeneous alloy formation. Synthesis of ZnxCd1-xSe

QDs from ZnSe seeds or preprepared ZnSe QDs has also been

reported.11,12 Recent works have demonstrated the synthe-

sis of ZnxCd1-xSe nanocrystals in aqueous solutions using ami-

nothiols (e.g., glutathione and cysteine) as capping agents.13,14

With this approach, the reaction is done at relatively low tem-

peratures (<100 °C), makes use of less toxic Zn precursors

(e.g., ZnCl2), and can be easily scaled up for the commercial

production of biocompatible nanoalloys. Meanwhile, inorganic

capping has produced ZnxCd1-xSe nanocrystals with enhanced

stability.15

3.2. ZnxCd1-xS. Wang et al. have prepared nanocrystal-

line ZnxCd1-xS via a chemical reduction route at room tem-

perature.16 Unfortunately, the nanocrystals obtained from this

method exhibit very broad emission peaks. Through a one-

step hot-injection approach, our group has produced highly

crystalline and monodisperse homogeneous wurtzite

ZnxCd1-xS QDs with excellent emission properties.17 The pro-

cedure involves the reaction of ZnO- and CdO-oleic acid com-

plexes with sulfur at 300 °C in noncoordinating solvent.

Meanwhile, Li et al. have demonstrated the utility of Zn(II) and

Cd(II) ethylxanthate complexes as molecular precursors that

thermally decompose in hot coordinating solvents at relatively

low temperatures (180-210 °C) to produce homogeneous

ZnxCd1-xS nanocrystals.18 Composition-induced shape and

structural phase transitions were observed. Gradiently alloyed

ZnxCd1-xS QDs having a Cd-rich core and Zn-rich shell were

synthesized via a noninjection one-pot approach by Ouyang

and co-workers.19 The resulting alloyed nanocrystals possess

the cubic zinc-blende structure and were found to disobey

Vegard’s law implying a nonhomogeneous internal structure.

3.3. CdE′xE′′1-x. Most of the synthetic methods used in the

preparation of nanocrystalline CdE′xE′′1-x (where E′ and E′′ are

two different chalcogens) have been based on those of the

binary cadmium chalcogenide nanocrystals. Generally, the

procedure involves the rapid injection of a premixed solution

containing stoichiometric amounts of the chalcogen precur-

sors into a solution of Cd(II) precursor (usually CdO) in high-

boiling coordinating and noncoordinating solvents at ∼300 °C

FIGURE 3. Top: HRTEM image of 7.5 nm Zn0.67Cd0.33Se quantum
dots. Bottom: PXRD patterns of ZnxCd1-xSe quantum dots with Zn
mole fractions of (a) 0, (b) 0.28, (c) 0.44, (d) 0.55, and (e) 0.67.
Reprinted with permission from ref 5. Copyright 2003 American
Chemical Society.
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followed by the growth stage. This approach has been suc-

cessful in producing alloyed nanocrystals of CdSxSe1-x,20

CdSexTe1-x,21 and CdSxTe1-x.22 By controlling the amount of

Cd used in the reaction, Bailey and Nie have synthesized

CdSexTe1-x QDs having homogeneous (Cd-limited condition)

and gradient (Cd-rich condition) internal structure.21 Mean-

while, Gurusinghe et al. were able to prepare gradiently

alloyed CdSxTe1-x nanocrystals by creating a 1-6 min delay

between the S and Te injections.22 Al-Salim et al. have used

organic solvents with different coordinating properties in their

synthesis of CdSxSe1-x nanocrystals.23 Piven et al., on the

other hand, reported the water-based synthesis of nanocrys-

talline CdSexTe1-x.24 More recently, Ouyang et al. have pre-

pared homogeneously alloyed CdSxSe1-x nanocrystals via a

noninjection route.25 Inorganically passivated26,27 and tet-

rapodal28 CdSexTe1-x nanocrystals have also been made.

3.4. Other Ternary Alloys. Rogach et al. have synthe-

sized gradiently alloyed CdxHg1-xTe QDs with CdTe-rich cores

in water through subsequent layering of HgTe and CdTe onto

preprepared thiol-stabilized CdTe QDs.29 On the other hand,

Sun et al. have prepared gradient CdxHg1-xTe QDs with HgTe-

rich cores by utilizing the solubility difference between HgTe

and CdTe in water.30 To improve the stability and reduce the

cytotoxicity of CdxHg1-xTe nanocrystals, surface passivation

with an inorganic shell has been demonstrated.31,32 The syn-

thesis of glutathione-stabilized ZnxHg1-xSe QDs in aqueous

solution has also been reported.33

Reports on the synthesis of homogeneous Pb chalcogenide-

based alloyed nanocrystals have been published very recently.

Arachchige and Kanatzidis have prepared a series of

Pb1-xSnxTe nanocrystals by reacting a mixture of Pb(II) oleate

and [(Me3Si)2N]2Sn with TOP-Te at 150 °C.34 Oleylamine was

used as a stabilizer to facilitate the incorporation of Sn into the

PbTe lattice. Energy-dispersive spectrometry (EDS) elemental

maps show the even distribution of Sn in the entire PbTe lat-

tice, confirming the structural homogeneity of the alloyed

nanocrystals produced. Using a one-pot hot-injection

approach, Ma et al. have synthesized monodisperse PbSxSe1-x

nanocrystals.35

Nanocrystals of the III-V materials, when colloidally pre-

pared, are usually inorganically coated due to their high insta-

bility to air. Kim et al. have reported the synthesis of colloidal

QDs with a core-shell-shell structure consisting of an alloyed

InAsxP1-x core, an InP intermediate shell, and a ZnSe outer

shell.36 The alloyed core was found to have a gradient com-

position with increasing As content from the center to the

edge of the dots. The InP shell increased the quantum yield

of the material, whereas the ZnSe outer shell imparted stabil-

ity in aqueous solutions.

3.5. Chalcopyrite Materials. CuInxGa1-xSe2 (CIGS) nano-

crystals can be synthesized through a low-temperature colloi-

dal route using methanol and pyridine as solvents.37 However,

the nanocrystals produced from this method are heavily

aggregated. In contrast, using the high-temperature synthetic

route, Tang et al. have been able to produce well-separated

and nearly monodisperse CIGS nanocrystals.7 This was

achieved by rapid injection of a mixture containing the metal

(Cu2+, In3+ and Ga3+) acetylacetonate complexes into a solu-

tion of Se in oleylamine at 250 °C. Using chloride salts as the

metal source, Panthani et al. have also produced nanocrystal-

line CIGS.38 Meanwhile, Guo et al. have synthesized

CuInxGa1-xS2 by swift injection of a sulfur solution into an

oleylamine solution of the metal chlorides at 225 °C.39

Recently, Pan and co-workers have demostrated the synthe-

sis of chalcopyrite-based quarternary alloyed nanocrystals

using air-stable metal dithiocarbamate complexes.8,40 The

dithiocarbamate precursors were thermally decomposed in the

presence of oleylamine to form the desired metal sulfides.

Oleylamine not only reduced the decomposition temperature

of the precursors but also minimized the reactivity difference

between the precursors, thereby promoting the formation of

a homogeneous internal structure.

4. Alloying Studies

A detailed understanding of the alloying mechanism is essen-

tial in developing better synthetic strategies for producing

these alloyed nanomaterials. However, reports on these

nanoalloys rarely include analysis of the alloying process. In

our study of the alloying mechanism in the formation of

homogeneously alloyed ZnxCd1-xSe QDs, we observed that

temperature plays an important role in the alloying process.5

With our synthetic strategy (i.e., growth from preprepared

CdSe QDs), CdSe-ZnSe core-shell structure is formed initially,

but the high reaction temperature rapidly transforms it into the

alloyed structure. The process of transforming the core-shell

into the alloyed structure was studied by measuring the

change in the emission maximum as a function of tempera-

ture. As seen in Figure 4a, the core-shell structure is retained

below 270 °C, but it rapidly evolves into an alloy between

270 and 290 °C as evidenced by the significant blue shift in

the emission maximum. Since the alloying process starts to

occur at ∼270 °C, this is taken as the “alloying point”. Sung

et al. have studied the kinetics of this transformation process

and concluded that the mechanism involves the dissociation

Composition-Tunable Semiconductor Nanocrystals Regulacio and Han
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of bonds between Zn2+ and Se2- ions and the diffusion of

Zn2+ into the CdSe matrices.41 Heat treatment at higher tem-

peratures results in a higher rate of alloy formation, which is

possibly due to the increased mobility of diffusing ions. Lee et

al. studied the effect of heating time in their thermal treat-

ment of CdSe-ZnSe core-shell nanorods at 270 °C, and the

evolution of the emission spectra with time is shown in Fig-

ure 4b.42 The blue-shifting of the emission maximum with

increasing heating time results from the progressive incorpo-

ration of the wider band gap ZnSe into the CdSe core. The

broadening and skewing of the emission peak at shorter heat-

ing times are attributed to compositional disorder as the

core-shell structure is still in the process of transforming into

a homogeneous alloyed structure.

When ZnxCd1-xSe QDs are prepared from ZnSe nuclei or ZnSe

QDs, a red-shift in the emission maximum was observed dur-

ing the alloying stage as a result of the decrease in band gap

energy as Cd2+ is progressively incorporated into the ZnSe

lattice.11,12 Alloy formation occurred at temperatures lower than

the alloying point for the CdSe-seeded growth, which implies that

cation exchange reaction between ZnSe nanocrystals and Cd2+

is more favored than that between CdSe and Zn2+. This is attrib-

uted to the much lower bond dissociation energy of Zn-Se (136

kJ mol-1) relative to Cd-Se (310 kJ mol-1).

Based on their kinetic analysis and experimental studies,

Bailey and Nie have shown that the internal structure of

CdSexTe1-x QDs can be controlled by the amount of Cd used

in the reaction.21 Under rapid nucleation and growth condi-

tions, Te is more reactive than Se toward Cd, and because of

this the CdTe growth rate is approximately double that of

CdSe. If the amount of chalcogen precursors is in large excess

of the Cd concentration (Cd-limited condition), the effect of the

difference in chalcogen reactivity is minimized, and this con-

sequently leads to an alloy with homogeneous internal struc-

ture. On the other hand, under Cd-rich conditions, the faster

CdTe growth rate results in a gradient alloy structure with

decreasing Te content from the core to the surface (i.e., CdTe-

rich core).

In their synthesis of gradient CdxHg1-xTe QDs, Sun et al.

made use of the difference in solubility between HgTe and

CdTe in water.30 Using equal concentrations of Cd and Hg,

HgTe nucleates at a faster rate than CdTe due to the much

lower solubility of HgTe in water. Thus, the nanocrystals that

initially form are mostly made of HgTe, and CdTe deposition

becomes dominant only when Hg is depleted in the reaction

mixture. This yielded alloyed nanocrystals with Hg content

decreasing from the core to the surface.

5. Properties and Applications

Alloying of two semiconductors produces materials with char-

acteristics distinct from those of the parent semiconductors.

Some of the interesting properties and potential applications

of alloyed semiconductor nanocrystals are discussed below.

5.1. Optical Properties. Figure 5 shows the absorption

and photoluminescence (PL) spectra measured from our

nanocrystalline ZnxCd1-xSe samples.5 The systematic blue-

shifting of the absorption onset and the emission maximum

as the Zn content increases is due to the wider band gap of

ZnSe relative to that of CdSe, and it is clearly indicative of the

formation of the alloyed ZnxCd1-xSe QDs rather than the par-

ent binary systems or the core-shell structure. Similar to bulk

FIGURE 4. Alloying studies of the transformation from core-shell
CdSe-ZnSe to alloyed ZnxCd1-xSe by monitoring the evolution of
the emission spectra under heat treatment at (a) different
temperatures for 10 min each (Adapted with permission from ref 5.
Copyright 2003 American Chemical Society) and (b) different
heating times at 270 °C (Reprinted with permission from ref 42.
Copyright 2006, American Institute of Physics).
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ZnxCd1-xSe alloy, a very slight nonlinear relationship between

the band gap energy and the composition, known as “optical

bowing”, was also observed for the nanocrystals. We reported

nearly similar observations for homogeneous ZnxCd1-xS

QDs.17 Room-temperature emission efficiencies ranging from

70 to 85% and spectral widths (fwhm) of 22-30 nm have

been achieved for ZnxCd1-xSe QDs, while efficiencies of

25-50% and very narrow fwhm of 14-18 nm have been

reported for QDs of ZnxCd1-xS. These values are comparable

to those obtained for CdSe-based nanocrystals. Water-solu-

ble ZnxCd1-xSe QDs when heated in an air-saturated aque-

ous solution were found to have high PL stability (much more

stable than the CdSe-ZnS core-shell nanostructures),

enabling their use in biological applications (e.g., biolabeling

and biosensing). Recently, continuous emission has been

observed from single nanocrystals of ZnSe-capped ZnxCd1-xSe

having a gradient structure.43 Their unusual nonblinking prop-

erty is in stark contrast to individual CdSe-based nanocryst-

als, whose photoluminescence turns on and off intermittently

(Figure 6). These continuously emitting nanocrystals would be

very useful in applications that require a continuous output of

photons.

In the case of homogeneous CdE′xE′′1-x alloys, the

observed optical bowing is more pronounced as can be seen

in Figure 7 for both the bulk and the nanocrystal forms of

CdSexTe1-x alloy.21 With this strong nonlinear composition

effect, certain alloy compositions can emit light at wavelengths

that are outside the spectral range defined by the parent

binary systems. This is depicted in Figure 7, where nanocryst-

als of CdSexTe1-x are shown to emit light at wavelengths

longer than those emitted by their parent binary nanocryst-

als of similar size. This makes them desirable in the prepara-

tion of near-infrared-emitting nanocrystals, which will be

discussed in one of the sections below. It is also worth men-

tioning that the extent of optical bowing is less in gradient

alloys than in homogeneous alloys as reported for CdSxTe1-x

nanocrystals.22

5.1.1. Short-Wavelength Visible Emission. By tuning the

size of semiconductor nanocrystals, emission color spanning

the entire visible spectrum has been achieved. However, as in

the case of the widely studied CdSe nanocrystals, the

extremely small particles (<2 nm) needed to produce emis-

sion in the short-wavelength visible spectral region are not

very stable and are difficult to passivate, and this consequently

leads to low emission efficiencies and broad spectral widths.

In contrast, alloying of CdSe and ZnSe to produce composi-

tion-tunable ZnxCd1-xSe nanocrystals has resulted in highly

luminescent and stable green- and blue-emitting mate-

rials.11,12,44 The high stability of these alloyed nanocrystals is

FIGURE 5. Absorption (top) and emission (bottom) spectra of
ZnxCd1-xSe quantum dots with Zn mole fractions of (a) 0, (b) 0.28,
(c) 0.44, (d) 0.55, and (e) 0.67. Reproduced with permission from ref
5. Copright 2003 American Chemical Society.

FIGURE 6. Time-dependent photoluminescent intensity traces from
a single nanocrystal of (a) CdSe-ZnSe (on-and-off emission) and (b)
ZnCdSe-ZnSe (continuous emission). Reprinted with permission from
Macmillan Publishers Ltd.: Nature (ref 43), copyright 2009.
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primarily attributed to their larger size (e.g., blue-emitting

ZnxCd1-xSe nanocrystals have particle sizes that are 2-3 times

larger than those of the blue-emitting CdSe-ZnS core-shell

nanostructures). Figure 8 shows ZnxCd1-xSe nanocrystals,

whose composition is tuned to emit colors in the blue-green

spectral range. These materials should be excellent for short-

wavelength optoelectronic devices and can also be utilized in

white-light generation. Alloyed ZnxCd1-xS nanocrystals have

also been shown to emit blue light with high efficiency.45

Using ZnS-capped ZnxCd1-xS quantum dots, Bae et al. were

able to fabricate deep blue light-emitting diodes.46

5.1.2. NIR Emission. The near-infrared (NIR) spectral win-

dow (700-1400 nm) has been increasingly important in the

areas of biomedical imaging and detection, telecommunica-

tion, as well as photovoltaics. This has triggered several stud-

ies of semiconductor nanocrystals that can efficiently absorb

and emit light in the NIR region. Jiang et al. have optimized

the synthetic conditions for the preparation of CdS-capped

CdSexTe1-x QDs that exhibit emission wavelengths ranging

from 600 to 850 nm.26 These QDs have been found to have

good PL properties and high resistance against photobleach-

ing. Moreover, they have conjugated these QDs to biorecog-

nition molecules and demonstrated their use in multiplexed

imaging and biolabeling. Pons et al., on the other hand, have

coated CdSexTe1-x QDs with ∼3 monolayers of oxidation-re-

sistant ZnCdS shell, producing NIR-emitting QDs that are

highly stable in a wide range of salinity.27 Water-soluble

core-shell-shell QDs having InAsxP1-x core have been uti-

lized in NIR sentinel lymph node (SLN) mapping experi-

ments.36 When injected intradermally into the paw of a

mouse, these QDs enter the lymphatics and migrate to the

SLN within a minute, as seen using an intraoperative imag-

ing system. Gradiently alloyed CdxHg1-xTe nanocrystals have

been incorporated into a polymer matrix.30 The resulting

nanocrystal-polymer bulk composites exhibited intense PL

emission that is tunable from 1100 to 1400 nm, which makes

them potentially useful in optical communications. Also,

CdxHg1-xTe nanocrystals emitting at 750-1200 nm have

been used to label biocompatible polymer microcapsules,

which shows promise for monitoring drug delivery process-

es.47 Meanwhile, CdS-capped CdxHg1-xTe nanocrystals that

emit at 790 nm have been successfully used for in vivo imag-

ing of a living mouse (Figure 9).31

5.1.3. Ion Sensor Applications. The superior lumines-

cence properties exhibited by alloyed nanocrystals have

allowed their use in sensing applications. Ali et al. have

explored the utility of glutathione-capped ZnxCd1-xSe QDs as

fluorescent Pb2+ sensor.48 The probe displays high sensitiv-

ity (detection limit of 20 nM) and high selectivity toward Pb2+

in the presence of other metal ions. Moreover, it was found to

FIGURE 7. Top: Composition dependence of the band gap energy
for bulk and nanocrystalline CdSexTe1-x alloy. Bottom: Comparison
of the emission spectra among CdSe, CdTe, and CdSe0.34Te0.66

nanocrystals with similar overall diameter of (a) 6.5 nm and (b) 5.0
nm. Adapted with permission from ref 21. Copyright 2003
American Chemical Society.

FIGURE 8. Blue and green emission of composition-tunable
ZnxCd1-xSe nanocrystals. Reprinted with permission from ref 11.
Copyright 2004 American Chemical Society.
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have better sensitivity than glutathione-capped CdSe QDs of

the same size. Liu et al., on the other hand, have demon-

strated the use of glutathione-capped ZnxHg1-xSe QDs for sen-

sitive and selective detection of Cu2+ ions.33

5.2. Solar Cell Applications. Several size-tunable binary

nanocrystals have been explored for photovoltaic devices, but

the poor charge transport between very small nanocrystals

results in low efficiencies. Employing composition-tunable

alloyed nanocrystals will enable us to make use of quantum

confinement effects in improving the optical absorption pro-

cess without overly impeding the subsequent transport of

charge to the electrodes. Pb chalcogenides have been exten-

sively investigated for nanocrystal-based solar cells because of

their narrow band gap (ideal for NIR absorption) and large

excitonic Bohr radius (provides access to the strong confine-

ment limit).49 Solar cells containing PbSe nanocrystals have

been found to exhibit large short-circuit photocurrent densi-

ties (JSC), while those with nanocrystalline PbS have shown

large open-circuit voltages (VOC).50 With the creation of pho-

tovoltaic cells containing nanocrystalline PbSxSe1-x alloy, an

enhancement in both JSC and VOC was realized, resulting in

higher power conversion efficiency relative to those of the

constituent binary systems.35

The chalcopyrite-based semiconductors are another class of

materials that are utilized in the fabrication of photovoltaic

cells. Schulz et al. demonstrated the use of nanoparticle-based

spray deposition technique in the development of small-area

CIGS solar cells.37 Guo et al., on the other hand, have fabri-

cated Cu(In1-xGax)(S1-ySey)2 photovoltaic absorber films

through selenization of CuInxGa1-xS2 nanocrystals.39 Although

further studies are needed to improve the device performance

of nanocrystal-derived absorber films, the nonvacuum nanoc-

rystal-based processes have shown great promise as a sim-

ple, low-cost, and easily scalable method in the production of

thin film solar cells.

6. Conclusion and Perspectives

A summary of recent studies on alloyed semiconductor nano-

crystals has been provided in this Account. The growing inter-

est in these nanomaterials is primarily due to the unique

properties that emerge upon alloying of two binary or two ter-

nary semiconductors, allowing their use in optoelectronics, pho-

tovoltaics, and biomedical and sensing applications. As research

on alloyed nanocrystals is still in its infancy, many of the mate-

rials properties and potential uses are yet to be discovered. In the

next few years, we expect an increase in the number of publica-

tions on these nanoscale alloys that report on properties other

than their most often studied optical properties. For instance, col-

loidal alloyed semiconductor nanocrystals with composition-tun-

able magnetic properties have not yet been investigated. It has

been previously reported that the ferromagnetic ordering tem-

perature of semiconducting EuS can be tuned by altering the

band gap via control of particle size.51 However, the extremely

small bulk exciton Bohr radius of EuS (r ∼ 1.2 nm) and the dif-

ficulty in preparing high-quality nanoparticles that are less than

2 nm in diameter have prevented access to the strong confine-

ment regime, where the effects of quantum confinement are

more pronounced. Also, magnetic nanoparticles of very small

size usually exhibit superparamagnetism. Thus, it would be inter-

esting to know how the magnetic properties will change upon

alloying ferromagnetic EuS (Eg ) 1.65 eV) with wider band gap

europium chalcogenides, such as metamagnetic EuSe (Eg ) 1.80

eV) and antiferromagnetic EuTe (Eg ) 2.00 eV), at the nanoscale.

Moreover, alloying of semiconducting EuS and metallic GdS may

also result in alloyed nanocrystals with interesting electronic and

magnetic properties.

Although many of the synthetic approaches that are sum-

marized in this Account have been successful in producing

high-quality colloidal alloyed nanocrystals, several issues

remain to be resolved. For example, there is still a need to dis-

tinguish the optimum synthetic parameters for preparing gra-

diently alloyed nanocrystals from those used in producing

nanocrystalline homogeneous alloys having the same com-

ponents. To achieve this, it is important to have a deeper

understanding of the mechanism involved in nanoalloy for-

FIGURE 9. Fluorescence in vivo image of a live mouse after
injection of CdS-capped CdxHg1-xTe nanocrystals into its right leg.
Reprinted with permission from ref 31. Copyright 2007 American
Chemical Society.
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mation. Also, to enable the widespread commercialization of

nanoalloy-based devices, it is necessary to design synthetic

procedures that will allow for large-scale production of these

nanomaterials.
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