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CONSPECTUS

Semiconductor nanocrystals are tiny light-emitting particles on the nanometer scale. Researchers have studied these
particles intensely and have developed them for broad applications in solar energy conversion, optoelectronic
devices, molecular and cellular imaging, and ultrasensitive detection. A major feature of semiconductor nanocrystals
is the quantum confinement effect, which leads to spatial enclosure of the electronic charge carriers within the nano-
crystal. Because of this effect, researchers can use the size and shape of these “artificial atoms” to widely and pre-
cisely tune the energy of discrete electronic energy states and optical transitions. As a result, researchers can tune
the light emission from these particles throughout the ultraviolet, visible, near-infrared, and mid-infrared spectral ranges.
These particles also span the transition between small molecules and bulk crystals, instilling novel optical properties
such as carrier multiplication, single-particle blinking, and spectral diffusion. In addition, semiconductor nanocrystals
provide a versatile building block for developing complex nanostructures such as superlattices and multimodal agents
for molecular imaging and targeted therapy.

In this Account, we discuss recent advances in the understanding of the atomic structure and optical properties of semi-
conductor nanocrystals. We also discuss new strategies for band gap and electronic wave function engineering to control
the location of charge carriers. New methodologies such as alloying, doping, strain-tuning, and band-edge warping will likely
play key roles in the further development of these particles for optoelectronic and biomedical applications.

I. Introduction well as enabling the exploitation of the useful
properties of crystalline materials. Bulk semicon-
ductors are characterized by a composition-depen-

dent band gap energy (Eg), which is the minimum

Semiconductor nanocrystals are tiny crystalline
particles that exhibit size-dependent optical and

electronic properties.’ ~3 With typical dimensions
in the range of 1—100 nm, these nanocrystals
bridge the gap between small molecules and large
crystals, displaying discrete electronic transitions
reminiscent of isolated atoms and molecules, as
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energy required to excite an electron from the
ground state valence energy band into the vacant
conduction energy band (Figure TA). With the
absorption of a photon of energy greater than E,,
the excitation of an electron leaves an orbital hole
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FIGURE 1. (A) Electronic energy states of a semiconductor in the transition from discrete molecules to nanosized crystals and bulk crystals.
Blue shading denotes ground state electron occupation. (B) Comparison of a colloidal quantum dot and an islandlike, self-assembled
quantum dot epitaxially deposited on a crystalline substrate. (C) Absorption (upper) and fluorescence (lower) spectra of CdSe semiconductor
nanocrystals showing quantum confinement and size tunability. AU = arbitrary units.

in the valence band. The negatively charged electron and pos-
itively charged hole may be mobilized in the presence of an
electric field to yield a current, but their lowest energy state is
an electrostatically bound electron—hole pair, known as the
exciton. Relaxation of the excited electron back to the valence
band annihilates the exciton and may be accompanied by the
emission of a photon, a process known as radiative recombi-
nation.

The exciton has a finite size within the crystal defined by
the Bohr exciton diameter (ag), which can vary from 1 nm to
more than 100 nm depending on the material. If the size of
a semiconductor nanocrystal is smaller than the size of the
exciton, the charge carriers become spatially confined, which
raises their energy. Therefore, the exciton size delineates the
transition between the regime of bulk crystal properties and
the quantum confinement regime, in which the optical and
electronic properties are dependent on the nanocrystal size.
Nanocrystals with dimensions smaller than ag demonstrate
size-dependent absorption and fluorescence spectra with dis-
crete electronic transitions.

Figure 1C displays these effects for quasi-spherical nano-
crystals, showing that the wavelengths of fluorescence and
absorption can be tuned by nanocrystal size. For example,
nanocrystals composed of the prototypical material CdSe (Eg
= 1.76 eV, ag = 9.6 nm) can be tuned through quantum con-
finement to emit fluorescent light throughout the visible spec-

trum, making them useful for both biological imaging and
many types of optoelectronic devices. In addition, the crystal-
line nature of these particles imparts a large density of elec-
tronic states, yielding giant extinction coefficients and broad
absorption spectra that are unavailable from organic chro-
mophores. State-of-the-art quantum dots have been engi-
neered to have a quantum efficiency of radiative recom-
bination approaching unity at room temperature, far above
what has been achieved from bulk materials.** This high effi-
ciency of light emission is largely due to the strong overlap
between the electron and hole wave functions in the confined
structure, whereas the exciton in bulk semiconductors is not
confined in space and can rapidly dissociate, increasing the
probability of nonradiative relaxation events associated with
crystalline defects and charge carrier traps on crystal surfaces.

Early studies on semiconductor nanocrystals made use
of particles embedded in glass matrices, similar to centu-
ries-old stained glass containing semiconductor crystallite
pigments.®~8 Today, these nanocrystals are commonly fabri-
cated as colloids suspended in solution or as epitaxial struc-
tures grown on solid crystalline substrates (Figure 1B). Epitaxial
nanocrystals can be reproducibly prepared with a wide range
of shapes and sizes in regular patterns and directly incorpo-
rated into optoelectronic devices. However, solution phase
techniques provide exceptional control over size, monodis-
persity, and shape. These particles are typically coated with a
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FIGURE 2. Impact of shape on the electronic and su

rface properties of semiconductor nanocrystals. (A) Band gaps of CdSe quantum wells,

wires, and dots are plotted against the length of the confined dimension. The bulk band gap and exciton diameter are noted on the axes.
(B) Fractions of atoms on the nanocrystal surface are plotted against the total number of atoms. The wires (purple) are 1 ym in length, the

disks (green) are 20 nm in length, and the rods (red) are 4 nm in diam
rods,'? tetrapods,’* and disks."?

monolayer of surfactants and have shown versatile applica-
bility in optoelectronic devices and as biomolecular conju-
gates. As discussed the following sections, colloidal semi-
conductor nanocrystals have largely enabled the physical
understanding of size-dependent properties and have cata-
lyzed the broad use of nanometer-sized particles.

Il. Nanocrystal Structure

Shape. The most important consequence of the quantum con-
finement effect is the size dependence of the band gap for
nanocrystalline semiconductors. By confining the exciton of a
semiconductor, the band gap may be tuned to a precise
energy depending on the dimensionality and degree of con-
finement.® Figure 2A depicts the shift of the band gap of CdSe
nanocrystals confined in three dimensions (quantum dots), two
dimensions (quantum wires or rods), or one dimension (quan-
tum wells or disks). An increase in the number of confined
dimensions yields a stronger degree of electronic confinement
and thus a wider range of tunability in the band gap, although
exceptions to this trend have been reported for CdTe nano-
crystals.'® Quantum dots have attracted broad attention due
to their wide optical tunability and utility for biolabeling,
whereas elongated structures have been shown to emit lin-
early polarized light with a wide energy separation between
the absorption and emission maxima (Stokes shift), which can
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eter. (C) Transmission electron micrographs depicting CdSe dots,

reduce light reabsorption for light emission applications.""
Quantum wells are well-established components of optoelec-
tronic devices, and their colloidal “disk” analogues have
recently been described,'? which may have novel piezoelec-
tric applications if they can be confined in polar lattice
directions.

Surface Properties. The dependence of optical proper-
ties on particle size is largely a result of the internal structure
of the nanocrystal. However, as the crystal becomes smaller,
the number of atoms on the surface increases, which can also
impact the optical properties. The atoms on the surface of a
crystal facet are incompletely bonded within the crystal lat-
tice, thus disrupting the crystalline periodicity and leaving one
or more “dangling orbital” on each atom pointed outward
from the crystal. Most nanocrystals are highly faceted (Figure
3A—C(), and each surface contains a periodic array of unpas-
sivated orbitals with two-dimensional translational symme-
try, which may form a band structure similar to that of the
three-dimensional crystal itself.’>'® If these surface energy
states are within the semiconductor band gap, they can trap
charge carriers at the surface, thereby reducing the overlap
between the electron and hole, increasing the probability of
nonradiative decay events. In practice, however, most semi-
conductor nanocrystals are not used in vacuum, but instead
are either embedded within a solid matrix such as another
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FIGURE 3. Surface properties of CdSe nanocrystals. Panels (A) and (B) depict transmission electron micrographs of quasi-spherical quantum
dots with two orientations on the substrate, and panel (C) depicts a quantum rod."" All scale bars are 5 nm. In the atomic models, the
crystalline orientations and lattice facets are identified by their Wurtzite (WZ) Miller indices, and the polarity of each facet is noted as Cd**
for cationic, Se?~ for anionic, and CdSe for nonpolar. Panel (D) illustrates the terminal dangling orbitals on each type of facet, and panel (E)
shows the effects of surface hole traps on the fluorescence of small 2.1 nm nanocrystals.

crystal or a glass, or suspended in solution and coated with
organic ligands such as trioctylphosphine oxide (TOPO) or
hexadecylamine (HDA). Thereby, the dangling bonds on the
exposed facets are passivated by bonding with atoms or mol-

ecules (Figure 3D), minimizing intraband gap surface states
and reducing surface atomic reconstruction. For colloidal par-
ticle suspensions, molecules such as TOPO and HDA adsorb
to the nanocrystal surface through dative ligand—metal bonds
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between the basic moiety on the ligand and metal atoms on
the nanocrystal surface, solubilizing the crystal in nonpolar sol-
vents through hydrophobic interactions with the alkyl chains
on the ligands."” Polar end groups and hydrophilic polymers
may be similarly used to solubilize nanocrystals in polar
solvents.

The fluorescence emission can be significantly modulated
by alterations to the nanocrystal surface. For example, very
small colloidal CdSe nanocrystals often display two fluores-
cence emission bands, one at the band edge and another at
lower energy resulting from recombination at intraband gap
defect sites on the surface (Figure 3E).'® Deep trap emission
arises from the presence of Se? -rich facets, which poorly bind
to most basic ligands, making these nanocrystals especially
prone to surface trapping of holes which primarily reside on
the selenium sp? orbitals.'® Indeed, nanocrystals with surfaces
terminated mostly by anions typically have little or no fluo-
rescence emission due to the overwhelming number of sur-
face trap states for nonradiative recombination. The addition
of excess Cd* ions can passivate these selenium states, yield-
ing cationic surfaces that can strongly bind to basic ligands,
and electrostatically shield holes from surface traps. Surface
modifications may also introduce defects on the nanocrystal
surface. Small amounts of oxidizing agents such as hypochlo-
rous acid or hydrogen peroxide can etch away fragments of
the nanocrystal surface, leaving behind unpassivated orbitals
and atomic vacancies, nearly extinguishing the fluorescence
with as little as 10 hypochlorous acid molecules per nano-
crystal.'®

The number of surface atoms and the types of facets are
also dictated by the nanocrystal shape. Figure 2B shows the
fraction of surface atoms on a CdSe nanocrystal for different
shapes and sizes. Spherical quantum dots have the smallest
number of total surface atoms and are thermodynamically the
most stable, thus making them ideal candidates for applica-
tions in which fluorescence modulation from external stimuli
must be minimized. On the other hand, elongated structures
such as rods and wires maintain a large fraction of their con-
stituent atoms on their surfaces, making them useful for appli-
cations in which the nanocrystal charge carriers can interact
with the surrounding environment, such as for redox chemis-
try, energy transfer, photocatalysis, and sensing applications.
However, it should be noted that, for nanocrystals of the same
volume, the diffusive kinetics decrease much faster for elon-
gated structures, which may detrimentally impact sensing
applications in viscous media. Several other interesting mate-
rials properties are closely linked with the fraction of surface
atoms on the nanocrystal. The melting temperature of nano-
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crystals decreases as the size decreases, as a larger fraction of
atoms of the crystal are on the disordered, incompletely pas-
sivated surface.® The surface energy differences between dif-
ferent crystal phases have also been used to explain altera-
tions to the pressure-induced phase transitions in high-surface-
area semiconductor nanocrystals relative to their bulk coun-
terparts.'®

Shell Passivation. For practical light-emitting applications,
it is advantageous to coat semiconductor nanocrystals with an
insulating inorganic shell in order to stabilize and maximize
fluorescence. This not only passivates the surface bonds but
also buries the semiconductor in a potential energy well, con-
centrating the charge carriers in the nanocrystal core, away
from the surface.>2%2' Thereby, surface defect states and trap
sites will have a diminished impact on the fluorescence effi-
ciency and fewer environmental factors will influence the
emission intensity. In solid state devices, this process is quite
simple, as overgrowth of an inorganic layer with a wider band
gap can be readily achieved with complete surface coverage.
In colloids, the task is more challenging, but major progress
has resulted in colloidal (core)shell quantum dots such as
(CdSe)ZnS and (CdSe)CdS with efficient and stable fluores-
cence. Wider band gap CdS and ZnS shells not only electron-
ically insulate the cores, but S>~ has a much lower oxidation
potential than Se?”, resulting in a higher threshold to photo-
oxidative degradation and surface defect formation. In addi-
tion, the implementation of shells composed of elements with
smaller atomic radii is crucial for ligand binding, as a higher
packing density of organic ligands can enhance colloidal sta-
bility and create a steric barrier to degradative small
molecules.

Ill. Optical Properties

Unlike solid state crystals and small-molecule chromophores
and fluorophores, quantum confined semiconductor structures
exhibit unique optical properties dictated by their structure and
size. One of the most striking features is the random on-and-
off blinking phenomenon exhibited by single particles. In addi-
tion, illumination at high energies may result in the production
of many charge carriers in a single particle, which may
increase the efficiency of photovoltaic and light-emitting
devices.

On/Off Blinking. The emission from single quantum dots
is intermittent (blinking), similar to effects that have also been
observed for fluorescent dyes and proteins.>%23 This provides
an “elegant” means to identify single, isolated quantum dots,
although this behavior has resulted in problems for tracking
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FIGURE 4. Schematic diagrams showing on/off light emission
(blinking) in conventional (core)shell nanocrystals (upper), and
suppression of blinking in giant-shell and gradient alloy
nanocrystals (lower). See text for discussion.

the motion of particles in biological environments due to the
repeated loss of signal. The light emission efficiency from a
single quantum dot is thought to be quantized, with near-unity
fluorescence efficiency in the bright state and zero emission
in the dark state, while occasionally observed intermediate
luminescent intensity levels are believed to result from insuf-
ficient temporal resolution. In the dark state, quantum dots still
absorb light at the same rate, and within each ensemble some
quantum dots are permanently dark. Several reports have
shown a correlation between the ensemble quantum yield
and number of dark particles, with highly efficient batches
showing fewer dark particles and a high probability of bright
states for blinking particles.>*#> The blinking phenomenon is
thought to arise from either repeated ionization of the nano-
crystal due to an Auger process or from trapping of one of the
charge carriers at or near the particle surface (Figure 4). In
accord with these theories, the off time can be reduced in low
dielectric media that poorly solvate an expelled charge, and
through the adsorption of thiolate ligands and amines, which
can neutralize surface traps for charge carriers.?® In addition,
growing an insulating shell around the nanocrystal to yield a
deeper and wider potential well has been show to significantly
decrease the off time of the nanocrystal. In fact, the groups of
Dubertret and Hollingsworth have recently shown that colloi-
dal (CdSe)CdS quantum dots with thick insulating shells are
nearly nonblinking, resembling self-assembled quantum dots
embedded in crystalline substrates (Figure 4).27-28 In addition,
Krauss and co-workers have demonstrated that blinking can
be eliminated in (core)shell structures in which there is a
smooth composition gradient from the core to the shell.>® The
key concept is that more gradual changes in the confinement
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FIGURE 5. Schematic illustration of electronic energy relaxation
and carrier multiplication in quantum dots. (A) Electrons excited to
energies greater than the band edge efficiently relax to the band
edge through the release of phonons, or quanta of lattice vibration.
(B) Alternatively, excited state electrons with kinetic energy greater
than the band gap can transfer their energy to a second electron
via impact ionization, yielding two excitons.

potential prevent Auger recombination, permitting fluores-
cence emission even from ionized nanocrystals (see Figure 4).
However, the exact structure of these nonblinking nanocryst-
als and their light emission mechanisms need to be further
investigated.

Carrier Multiplication. Another intriguing and valuable
attribute of quantum dots is carrier multiplication.?%3' When
a quantum dot is excited by a photon with an energy at least
twice its band gap, the electron and hole that result may
release their excess kinetic energy through the excitation of
a second electron in a collision-like Auger process, resulting in
a biexction and an internal quantum efficiency greater than
100% (Figure 5). Thereby, excess kinetic energy is no longer
dissipated into lattice vibrations, which may yield improved
efficiencies in photovoltaic devices. These Auger processes are
efficient in nanocrystals compared to their bulk counterparts
due to suppression of the phonon-assisted decay rate and the
large energy separations between electronic energy levels.>?
However, because Auger processes are so fast, subsequent
Auger processes may eliminate the excess excitons, such that
they do not have time to radiatively recombine. In fact,
ultrafast pump—probe spectroscopies must be employed to
observe the formation and recombination of multiexciton
states. Recently, biexciton and triexciton fluorescence has
been observed at room temperature with high quantum effi-
ciency (119% and 5%, respectively) and long lifetimes (790 ps
for the biexciton) in highly luminescent (CdSe)ZnS quantum
dots.33 The current challenge is to harness these extra charge
carriers by maximizing their stabilization before they decay via
Auger processes to convert them into an external electric cur-
rent, perhaps through implementation of a weakly coupled
multilayer structure in which the excitons can segregate, as
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FIGURE 6. Mechanisms of band gap engineering in semiconductor nanocrystals through size, shape, composition, impurity doping,
heterostructure band offset, and lattice strain. See text for discussion.

charge transfer in semiconductor nanocrystals generally occurs
much faster (~500 fs) than Auger processes.?*

IV. Band Gap and Wave Function
Engineering

In comparison with bulk semiconductors, nanocrystals have a
diverse and growing range of parameters that can modulate
their electronic band gaps (Figure 6) including size, shape, and
composition. Quantum confinement can shift the band gap of
most semiconductors by over 1 eV, giving an enormous range
of continuous tunability through size and shape for a single
material composition. The use of quantum confined structures
also allows the independent tuning of size and band gap
through the implementation of homogeneously alloyed mate-
rials such as CdSe,Te;—,, and Cd,Zn;_,S5.>>>® A chemically
related process to alloying is impurity doping, which creates
an intraband electronic energy level that allows lower energy
light emission from the defect state to the ground state. Doped
nanocrystals can have interesting properties for biolabeling
and device applications, such as large Stokes shifts, paramag-
netic properties, and improved lasing. At the present, how-
ever, the synthesis of these doped nanocrystals is still a
challenge due to the chemical dissimilarities between the
dopants and their crystalline matrices.?” More recently, the
manipulation of nanocrystal heterostructures has given rise to
complex control over charge carrier wave functions, result-
ing in new optical properties.
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Type-Il Quantum Dots. In 2003, Bawendi and co-work-
ers developed (core)shell semiconductor heterostructures in
which the conduction and valence bands of the core and shell
material are staggered, resulting in the segregation of the elec-
tron and the hole between the core and shell materials.*® For
example, (core)shell (CdTe)CdSe particles have a minimum
conduction band energy in the CdSe shell, whereas the max-
imum energy of the valence band is in the CdTe core (Figure
6). These energy band offsets segregate the electron to the
shell and the hole to the core, and carrier recombination can
occur across the interface at a lower energy than the band
gaps of either of the constituent semiconductor materials. Dur-
ing the course of shell growth, the wavelength of emission
shifts strongly to the red, adding a new dimension to band
gap engineering. The reduced spatial overlap between the
electron and hole also results in a major reduction in band
edge oscillator strength and a significant increase in excited
state lifetimes. This band alignment is designated as “type-Il”
in order to distinguish it from “type-l” band alignments like
those of (CdSe)ZnS in which the electron and hole overlap in
space in the core material. Type-Il materials may be greatly
beneficial for photovoltaic devices, especially with the devel-
opment of anisotropic materials in which the segregation of
charges is directional, which may enhance directional charge
transport in future electronic devices.?® The use of type-Il
nanocrystals is also a means by which to independently con-
trol which charge carrier is accessible to the surface for charge



transfer applications. It is also possible to sequester both
charge carriers in the shell material in inverted type-l align-
ments, which resemble a quantum well in which one-dimen-
sional confinement is present in the radial direction. The
capacity to transition between core and shell localization has
recently been exploited by Klimov and co-workers to tune the
interactions between charge carriers and core-localized mag-
netic atoms of (ZnSe:Mn)CdSe quantum dots.*°

Strain Tuning. Semiconductor nanocrystals are greatly
impacted by the effects of strain in both the solid state phase
and the colloidal state. Lattice strain is the reason that islands
of quantum dots spontaneously grow on lattice mismatched
solid substrates in the Stranski-Krastanov growth mode, leav-
ing substantial residual strain in the nanocrystals. Colloidal
semiconductor quantum dots such as (CdSe)ZnS (core)shell
materials have a large mismatch in bond length between the
core and shell materials (12%), generating a strain field in the
nanocrystal. In both solid-phase fabrication and colloidal
chemical synthesis, growth of a material on a substrate with
a different bond length can only proceed to a critical thick-
ness before a lattice defect (commonly a misfit dislocation) will
arise near the interface to ease the strain, allowing the mate-
rials to relax to their native bond lengths and introducing car-
rier traps in the process (Figure 7A). However, colloidal
nanocrystals behave differently from those fabricated on solid
substrates, because, unlike large crystals, an isolated nano-
crystal can deform to adapt to the overgrowth of a straining
shell and the large surface area allows the stress to be distrib-
uted over a large fraction of the constituent atoms. Deforma-
tion of a semiconductor forces the material to adopt an
unnatural bond length. Because the energies of the conduc-
tion and valence band edges derive from the bond strength
in the crystal, changes in the bond length alter the electronic
band gap. This change is described by the deformation poten-
tial, a, defined as

dE,
a =
a(inV)
where 9(In V) is the fractional volume change. For II-VI and IlI-V
materials, a is negative (acgse = —2.9), meaning that com-

pression of the crystal widens the band gap (Figure 7B). This
effect can be observed directly using a diamond anvil cell on
a bulk crystal, demonstrating a linear relationship between the
band gap and pressure, which also holds true for nanocryst-
als of semiconductors.'®

A recent report has highlighted the unique role of strain in
colloidal (core)shell quantum dot heterostructures.*' For nano-
crystal cores smaller than a specific size, the critical thickness
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FIGURE 7. Epitaxial semiconductor heterostructures and impact of
strain on band gap energy. Panel (A) shows exaggerated crystal
domains of CdSe and ZnS with a large mismatch in lattice constant.
Epitaxial growth of ZnS on a bulk CdSe substrate results in tensile
strain in ZnS that cannot be tolerated, resulting in relaxation of the
tension through a misfit dislocation. However, a nanometer-sized
CdSe substrate can deform with growth of a ZnS shell, resulting in a
sharing of the strain through compression of the CdSe domain,
preventing defect formation. Panel (B) depicts how the energy of
the valence band edge, conduction band edge, and band gap
change with CdSe bond length. The equilibrium bond length is
noted on the x-axis (lo = 2.62 A) in addition to the bond length
that results in a phase transition in bulk (Tgy) and for small 2 nm
nanocrystals (Tanm).

for a particular shell is theoretically infinite, allowing any thick-
ness of shell without the introduction of lattice-relaxing
defects. For example, the bond length difference between
CdTe (@ = 6.482 A) and CdS (5.818 A) is 11.4%, but CdTe
cores smaller than 4 nm can tolerate the growth of any CdS
shell thickness purely through coherent growth without defect
formation. Thus, if the materials composing the heterostruc-
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FIGURE 8. Fluorescence spectra of strain-tunable (CdTe)ZnSe
quantum dots. (A) Fluorescence from 1.8 nm CdTe cores strongly
red-shifts when capped with 0—6 monolayers of ZnSe shell (from
blue to black) due to strain-induced changes in the core and shell
lattices. (B) Fluorescence from 6.2 nm CdTe cores only exhibits a
small red-shift when capped with 0—5 monolayers of ZnSe shell
(from blue to red) due to strain relaxation through lattice defect
formation. See ref 41.

ture are reasonably deformable, strain can be tolerated and
shared across the entire nanoparticle without the introduc-
tion of quenching defects. Because such heterostructures can
be grown coherently as a single crystalline domain, homoge-
neous lattice strain results in significant bond length alter-
ations that can modify electronic band energies. Compressive
strain will shift both the conduction and valence bands to
higher energy, and tensile strain will shift the bands to lower
energy. Thereby, the coherent growth of compressive shells
(e.g., ZnSe or CdS) on CdTe core colloids yields dramatic
changes to the relative energy bands in the heterostructure,
resulting in type-Il band alignments with widely tunable band
gaps for these normally type-I heterostructures (Figure 8). This
effect is also believed to increase the type-Il nature of strained
heterostructures such as (CdTe)CdSe that are already type-Il in
bulk. For this type of band gap engineering, an important
component is the implementation of CdTe nanocrystal cores.
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Lattice Mismatch: 7% Lattice Mismatch: 0.6%

Quantum Yield: ~30% Quantum Yield: <1%
FIGURE 9. Band-edge warping induced by lattice strain. (A) Energy
band levels of quantum confined, strained (core)shell (CdSe)CdTe and
(CdSe)ZnTe nanocrystals show that band warping is only significant in
the highly strained structure (CdSe)CdTe, resulting in efficient
recombination efficiency. (B) Representative transmission electron
micrograph of a highly strained (CdSe)ZnS shows direct evidence of
lattice warping at core—shell interfaces. Scale bar is 5 nm.

Compared to the more commonly studied CdSe, CdTe is
softer, has a larger deformation potential, and has a much
larger difference in lattice constant compared to common shell
materials (e.g., ZnS, CdS). Materials with similar properties,
such as the llI-V antimonides and the other II-VI tellurides, are
predicted to have similar attributes.

Strain also plays a critical role in warping (or bending)
charge carrier wave functions at heterostructural interfaces.
Because the strain field in a lattice-mismatched (core)shell
quantum dot is inhomogeneous in the shell, the band edge is
believed to deform over the radial direction, giving rise to
inhomogeneous charge carrier distributions. This is likely the
cause of the different fluorescence behaviors of (CdSe)CdTe
and (CdSe)ZnTe nanocrystals. Both of these heterostructures
are type-ll with the hole sequestered in the shell and the elec-
tron in the core, but heterostructures with CdTe shells have
quantum yields (20—400%) dramatically larger than that (<1%)
with ZnTe shells. It is important to realize that the lattice mis-
match between CdSe and CdTe is 7%, whereas the lattice mis-
match is only 0.6% for ZnTe. The high strain in the CdTe shell
will shift the hole wave function toward the core material (Fig-
ure 9), increasing the overlap between the electron and hole
and thus the probability of carrier recombination. The near
absence of strain for ZnTe shells substantially increases the
wave function localization at the nanocrystal surface, where
surface traps increase the probability of nonradiative relax-
ation. Indeed, in true unstrained type-ll band alignments, the
probability of band-edge recombination efficiency should be
very low, and engineering the strain in such heterostructures
may be important for modulating recombination versus car-
rier separation. Inhomogeneous strain fields in shells have
also been proposed as the means by which Mn?* dopant



energy levels can be continuously tuned in the shells of
(CdS)ZnS nanocrystals.*?

V. Concluding Remarks

Looking into the future, we expect major advances in both
fundamental studies and practical applications for semicon-
ductor nanocrystals. For fundamental research, the synthesis
of new nanocrystals with unusual structures and properties is
a boundless frontier and will continue to yield surprises such
as doped and strain-tuned quantum dots. Through single-par-
ticle fluorescence,® extinction,*®* and tunneling spec-
troscopies** as well as ultrafast spectroscopies,*® it is possible
that complex electronic states (such as defect and surface
states) could soon be understood for various types of semi-
conductor nanocrystals. There are also a wide variety of new
nanocrystalline materials available with a diverse range of
chemical, elastic, and optical properties. In particular, oxide
materials such as ZnO would be an exceptional shell material
for nanocrystal capping due to a wide band gap and resis-
tance to oxidative degradation; IV-VI semiconductors have
uniquely positive deformation potentials; and mercury-based
II-VI materials may allow the continuous tuning of band gaps
through spontaneous cation exchange reactions. For photo-
voltaic applications, it will be important to engineer nanocryst-
als for multiexciton generation and efficient charge carrier
separation. For biomedical applications, it is important to min-
imize the overall size of bioconjugated nanocrystals, to reduce
steric hindrance and nonspecific protein adsorption, to
develop chemically activatable or photoswitchable nanocryst-
als for multicolor super-resolution optical microscopy, and to
understand the potential toxic effects of semiconductor mate-
rials.*®
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