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ABSTRACT

Nanocrystals or quantum dots of the IV—VI semiconductors PbS,
PbSe, and PbTe provide unique properties for investigating the
effects of strong confinement on electrons and phonons. The
degree of confinement of charge carriers can be many times
stronger than in most II—VI and I11—-V semiconductors, and lead
salt nanostructures may be the only materials in which the
electronic energies are determined primarily by quantum confine-
ment. This Account briefly reviews recent research on lead salt
quantum dots.

Introduction

The properties of semiconductor nanocrystals or quantum
dots (QDs) have received significant attention in the past
decade. Following pioneering work by Efros and Ekimov,*
Brus,? and Henglein,® many 1I-VI and 11—V materials
have been prepared as QDs. Much progress has been
achieved in the areas of synthesis, structural characteriza-
tion, electronic and optical properties, and thermodynam-
ics of semiconductor QDs. Overviews of the subject and
recent research are listed in ref 4.

Many of the interesting and potentially useful proper-
ties of nanocrystals can be understood at the level of
undergraduate quantum mechanics. When a particle (an
electron in this case) is confined to a volume in space,
two things happen: it acquires kinetic energy (referred
to as confinement energy), and its energy spectrum
becomes discrete. In a bulk semiconductor, the conduc-
tion electrons are free to move around in the solid, so their
energy spectrum is almost continuous, and the density
of allowed electron states per unit energy increases as the
square-root of energy (Figure 1a). If one can synthesize a
piece of the semiconductor so small that the electron
“feels” confined, the continuous spectrum will become
discrete and the energy gap will increase, as indicated in
Figure 1b. What sets the size scale at which the electron
feels confined? The crystallite must be comparable to the
Bohr radius of the bound state of an electron and a hole.
Such an electron—hole pair (called an exciton) is analo-
gous to a hydrogen atom and can be thought of as the
lowest excited electronic state of the bulk solid. An
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FIGURE 1. Density of electron states in bulk and size-quantized
semiconductor. The optical absorption spectrum is roughly propor-
tional to the density of states.

electron—hole pair in a QD is usually referred to as an
exciton, even when the charge carriers are bound by the
confining potential rather than the Coulomb interaction.

As Figure 1 illustrates, control of size allows us to
engineer the optical properties of a semiconductor: strong
absorption occurs at certain photon energies, at the
expense of reduced absorption at other energies. Light
always interacts with one electron—hole pair regardless
of the size of the semiconductor, so the total or integrated
absorption does not change. Ideally, the density of states
becomes a series of delta functions (narrow spikes) in the
QD, so those transitions must be very strong to conserve
the integrated absorption. The strong transitions are the
result of concentration of the optical transition strength
into a few narrow energy intervals.

Ordinarily, the optical properties of a material do not
depend on the intensity of the light, and as a result, light
beams do not interact with each other. However, at high-
enough intensities, materials become nonlinear—the light
changes the material properties, which can then be sensed
by a separate “probe” light beam or by the beam that
changes the material itself. Optical nonlinearities can be
used to implement switches based on light energy, which
are potentially much faster than electrical switches, for
example. Optical nonlinearities are generally strongest
when the photon energy matches an optical transition in
the solid; this property is referred to as resonant enhance-
ment of the nonlinearity. With their strong absorptions,
quantum dots offer the potential for strong resonantly
enhanced optical nonlinearities and are thus candidate
materials for applications such as optical switching and
information processing.

This qualitative picture of the effects of quantum
confinement in semiconductors is supported by rigorous
theoretical calculations by Efros and Efros,* Brus,? and
Schmitt-Rink et al.> According to Schmitt-Rink et al., the
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Table 1. Bohr Radii of Excitons in Representative
Semiconductors

material exciton Bohr radius (nm)
CuCl 1
CdSe 6
PbS 20
InAs 34
PbSe 46
InSb 54

linear and resonant nonlinear optical properties will
exhibit the greatest enhancement when the nanocrystal
radius R is much smaller than the Bohr radius of the
exciton (ag) in the parent bulk material. This motivates
the study of semiconductor QDs in the strong-confine-
ment limit, where R/ag < 1.

Large optical nonlinearities are expected as long as the
QD transitions are not broadened excessively (Figure 1c).
The magnitude and origin of the line-broadening are
critical; any broadening opposes the spectral concentra-
tion of transition strength that comes from quantum
confinement. The dominant intrinsic source of line broad-
ening is expected to be coupling of the exciton to
phonons—the optical transitions in QDs are inherently
vibronic in nature, similar to those of a large molecule.
This motivates studies of the strength of carrier—phonon
interactions in nanocrystals.

Despite the effort that has gone into investigations of
QDs in recent years, little experimental work has been
done with samples that strongly confine both charge
carriers. The difficulty of attaining the strong-confinement
regime becomes clear when one considers the Bohr radii
of excitons in semiconductors, which are typically ~10 nm
or less. Some examples are given in Table 1.

For some phenomena the degree of localization of the
individual charge carriers is relevant. If a, and ay, are the
Bohr radii of the electron and hole (imagine the charge
carrier bound to a localized impurity, e.g.), then strong
confinement occurs when R < a,, an.! In semiconductors
with large hole masses (i.e., most 11-VI and 11—V materi-
als), it is impossible to achieve strong quantum confine-
ment in this sense.

To investigate the strong-confinement limit, QDs of
narrow-gap materials such as PbSe or InSb are desirable.
Even in InSb, an = 2 nm, so strong confinement of the
hole will be impossible. In contrast, a. = a, = 23 nm in
PbSe. The similarly small electron and hole masses of the
lead salts (PbS, PbSe, and PbTe) imply large confinement
energies, split about equally between carriers. The elec-
tronic spectra of QDs of the lead salts are thus simple,
with energy spacings that can be much larger than the
energy gaps of the bulk materials (which are 0.2—0.4 eV).
The generic form of the energy levels of PbS or PbSe QDs
is shown in Figure 2. In contrast, the spectra of I1-VI and
11—V QDs are relatively congested due to closely spaced
hole levels and are complicated significantly by valence-
band mixing.%” Another potential advantage for studies
of nanocrystal physics is the possibility of achieving strong
quantum confinement of charge carriers without the
properties being dominated by the surface of the QD. This
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FIGURE 2. General form of the first few electron and hole energy
levels of PbS or PbSe QDs. The states are labeled by the quantum
numbers j (total angular momentum) and sz (parity): |jzl]

Table 2. Percentage of Atoms on the Surface of QDs
of CdSe and PbSe with the Indicated Radii

R/ag CdSe PbSe
1 30% 5%
0.3 90% 15%
0.1 45%

is illustrated in Table 2. The influence of the surface on
QD properties is complicated and remains controversial,
so reducing this influence can be valuable in determining
intrinsic QD properties. A final interesting feature of the
lead salts is that they crystallize in the cubic sodium
chloride structure, with every atom at a site of inversion
symmetry. Structures with such high symmetry should be
useful for assessing the intrinsic polarity of strongly size-
quantized electron states.

The electronic structure has implications for the critical
issue of exciton—phonon coupling in QDs, via the proper-
ties of the excited-state charge distribution. Although the
coupling of electrons and holes to polar phonons is strong
in the lead salts due to their ionicity, the exciton—phonon
coupling should be small. In the strong-confinement limit
the electron and hole have identical wave functions and
can be thought of as lying on top of each other, canceling
each other’s coupling to the lattice. Thus, the coupling to
polar phonons (which depends on the net charge inho-
mogeneity of the excited state) should vanish.®

The optical phonons of the bulk lead salts are highly
dispersive, and the frequencies of the long-wavelength
longitudinal and transverse optical phonons differ by a
factor of 3. Using qualitative Fourier transform thinking,
decreasing the size of a crystal corresponds to moving to
larger wave vectors (shorter wavelengths) on a bulk
phonon dispersion relation. This will produce an observ-
able change in phonon frequency if the phonons are
dispersive. The difference between w, o and w+o facilitates
observation of the effects of coupling the bulk plane wave
modes in the nanostructure. These properties contrast
with the nearly flat and nearly degenerate optical phonon
dispersion in 11-VI and 11—V semiconductors and make
the lead salts valuable for studies of phonon confinement.

To summarize, lead salt QDs provide clear and unique
opportunities for studying the properties of a strongly size-
quantized electronic system. R/ag = 0.04 is achieved with
existing samples (examples are given below), and R/ag ~
0.02 is possible. For comparison, in commonly studied
CdSe QDs the minimum value of R/ag ~ 0.16. Most
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exciton physics depends on the volume of the exciton, i.e.,
(R/ag)?, so the degree of confinement possible with the
lead salts can be many times stronger than in I1-VI and
11—V materials. As one measure of this, the confinement
energy can easily be several times the bulk energy gap in
the lead salts, compared to about one-half the bulk energy
gap in CdSe. The lead salts have potential advantages over
other materials with regard to the nonlinear optical
response due to the possibilites of achieving stronger
confinement of the excitons and smaller intrinsic line
widths due to reduced exciton—phonon coupling. Finally,
QDs of narrow-gap materials should be relevant for
applications: strong confinement can be achieved in a
structure whose lowest-energy optical transition occurs
at technologically important wavelengths in the near-
infrared region of the electromagnetic spectrum.

Synthesis and Characterization

Early work on lead salt materials produced some evidence
of size-quantized electronic states. Thin films of the lead
salts were grown as early as 1960, and produced evidence
of confinement in one dimension (i.e., a quantum well in
today’s language)® as well as suggestions of three-
dimensional confinement in crystallites of the polycrys-
talline films.2% The first intentionally synthesized IV—VI
QDs exhibited increases in the energy gap that were
attributed to quantum size effects.** However, structured
absorption spectra were typically not observed, probably
owing to a broad distribution of particle sizes. The
synthesis of high-quality, monodisperse PbS QDs in poly-
(vinyl alcohol) (PVA) was reported in 1990.*2 Machol et
al. duplicated that synthesis and succeeded in increasing
the concentration of QDs as well as producing dense thin
films of QDs.*® More recently, the controllable fabrication
of PbS and PbSe QDs with diameters between 3 and 20
nm in glass hosts has been demonstrated.!* " PbTe
crystallites exhibiting exciton peaks blue-shifted from the
bulk energy gap have been fabricated, but no structural
characterization was reported.'®

The PbS QDs in silicate glass!* offer excellent proper-
ties. The narrow size distribution (AR/R =~ 4%) is il-
lustrated by the isolated exciton transitions visible in the
room-temperature absorption spectrum shown in Figure
3. Even with excitation 1 eV above the lowest exciton, the
luminescence spectrum emitted by these QDs is a single
peak with a Stokes shift (reflecting primarily inhomoge-
neous broadening from the distribution of particle sizes)
of 75 meV. Well-characterized dyes are not available as
reference samples in the infrared, so an AlinAs/GalnAs
quantum well laser structure was used to roughly estimate
the luminescence quantum yield of ~0.1 at room tem-
perature.’® For QD sizes between 5 and 10 nm, resonantly
excited excitons decay with time constants of ~1 ns.?® The
initial relaxation of electrons in many QD samples occurs
in ~10 ps and is thought to be due to fast trapping of one
charge carrier or relaxation to a long-lived “dark” state?
from which recombination is spin-forbidden. The small
luminescence Stokes shift, bright luminescence, and
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FIGURE 3. (a) Absorption spectrum and calculated transition
strengths of 8.5-nm-diameter PbS QDs in oxide glass. (b) Measured
and calculated exciton energies (plotted on a logarithmic scale) as
a function of the size of PbS QDs. The dark lines indicate nearly
degenerate transitions between the states indicated in Figure 2.

absence of rapid carrier trapping (in addition to the
structural characterization) all indicate the high quality
of these structures.

The synthesis and characterization of monodisperse
PbSe QDs was reported by Lipovskii and co-workers.” To
our knowledge PbSe has the largest Bohr radius (46 nm)
of any material synthesized as QDs in glass or colloid. QDs
with diameters between 2 and 15 nm were produced, so
the confinement is extreme in these QDs. A typical optical
absorption spectrum is shown in Figure 4. The variation
of the lowest exciton energy with size is also plotted along
with the results of calculations to be described below.

Electronic States

A conceptually simple way to calculate the electron states
of a QD is to impose spatial confinement on the electron
states of the bulk material. In this effective-mass or
envelope function approach,? the wave functions are
forced to zero at the boundary of the QD. Kang performed
an envelope function calculation of the electronic struc-
ture of PbS and PbSe QDs.?® The envelope function
calculation provides the energy spectrum and wave func-
tions (Figure 2), as well as dipole transition strengths and
selection rules. The results of the calculation agree well
with measured properties of PbS QDs down to 3 nm in
diameter. Measured and calculated spectra are compared
in Figure 3a as an example, and energy levels for several
samples of PbS QDs are shown in Figure 3b. In the
smallest (3-nm diameter) structures the exciton energy is
2 eV, which is 5 times the bulk energy gap. The electronic
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FIGURE 4. (a) Measured absorption spectrum (line) and calculated
dipole transitions (bars) of 8.5-nm PbSe QDs. (b) Measured (symbols)
and calculated (line) energies of the lowest exciton in PbSe QDs of
varying size. Reproduced with permission from ref 17.

states of these structures are truly dominated by quantum
confinement.

Kang’s calculation was the first application of the
envelope function approach to a narrow-gap material.
This work demonstrates the utility of the multiband
envelope function approach with the explicit inclusion of
band nonparabolicity. Some features of the analysis differ
from that of II-VI and Il1I-VI materials. Two specific
issues that are important for QD physics are the following:

(1) The transition dipole moment in lead salt QDs has
a contribution from the envelope in addition to the usual
dipole moment of the Bloch functions. This has conse-
quences for the inter- and intraband transitions, and thus
the one- and two-photon spectra.

(2) Fine structure arising from electron—hole Coulomb
and exchange interactions has been a subject of much
interest recently,? and these many-body perturbations are
included in Kang’s analysis. The Coulomb interaction does
not split the lowest exciton in lead salt QDs. The exchange
interaction has an inter-unit-cell component that vanishes
in other materials in addition to the intra-unit-cell com-
ponent that is enhanced by quantum confinement. How-
ever, the magnitude of the exchange splitting is only ~10
meV in even the smallest lead salt QDs. This is smaller
than in 11-VI compounds.

The deviation between Kang’s calculations and mea-
surements of PbSe QDs with diameters between 3.5 and
7 nm (Figure 4b) is significant and may signal the
breakdown of the effective mass approximation. The
envelope function theory is not expected to be valid for
the smallest (~2 nm) QDs, which are only a few lattice
constants in diameter.

The envelope function calculation also fails to account
for some transitions observed in PbS and PbSe QDs.
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FIGURE 5. Raman spectrum of 3-nm PbS QDs. Vertical bars indicate
calculated mode frequencies.

Examples are the features near 0.8 and 1.0 eV in Figure
3a. The constant-energy surfaces in k-space are slightly
anisotropic in PbS and PbSe, and Kang treats the aniso-
tropy as a perturbation to an otherwise isotropic model.
A calculation following Kang’s but treating the anisotropy
exactly does indeed predict transitions that do not appear
in the isotropic model.?* Work is in progress to apply this
approach to PbTe QDs,? which are interesting because
the constant-energy surfaces of PbTe are extremely aniso-
tropic.

Vibrational Modes

The vibrational modes of QDs have not received the
extensive attention paid the electronic states. An accurate
description of the vibrational modes of QDs is fundamen-
tally important and is of course a prerequisite to under-
standing the electron—phonon coupling in QDs.

A rigorous theoretical treatment of the optical vibra-
tional modes of semiconductor QDs was published in
1994,% and was followed by calculations of the Raman and
infrared cross sections of these modes.?” The theory
accounts for both electromagnetic and mechanical bound-
ary conditions at the surface of the QD, and the key overall
prediction is that the modes in general have mixed
transverse and longitudinal character as well as electro-
magnetic and mechanical nature.

The acoustic modes of QDs can often be modeled by
assuming that the dot is an elastic continuum.?® Applica-
tion of spherical boundary conditions at the surface of
the QD produces discrete torsional and spheroidal eigen-
modes. The spheroidal modes with angular momenta | =
0 (a spherical breathing mode) and | = 2 (an ellipsoidal
mode) should be Raman-active.?®

Krauss et al. extended the theoretical framework de-
veloped by Roca and co-workers to account for the
unusual phonon dispersion of the lead salts, and calcu-
lated the vibrational frequencies for modes with angular
momenta up to | = 2. The most interesting feature of this
calculation is a band of infrared-active modes with
frequencies around 100 cm™! for | = 1. This band is far
from the zone center frequencies wto = 65 cm~! and w o
=210cm™

Krauss and co-workers then measured the Raman
scattering (Figure 5) and far-infrared absorption spectra
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of PbS QDs. The results are consistent with the theoretical
predictions and cannot be accounted for by prior models.
These measurements thus confirm the influence of elec-
trostatic and mechanical boundary conditions on the
vibrational modes of QDs and can be considered an
observation of the true optical modes of a semiconductor
QD.SO

Electron—Phonon Coupling

In the strong-confinement limit, the size-quantized elec-
tron and hole ideally have identical wave functions, and
the coupling to polar phonons should vanish. Coupling
to acoustic phonons occurs through deformation potential
and piezoelectric interactions. The sodium chloride crystal
structure of the lead salts is centrosymmetric and thus
not piezoelectric, so the deformation potential coupling
is isolated. QDs of the lead salts are thus well-suited to
test theoretical predictions of the vibronic nature of the
excited states and the homogeneous line shape.

Once the electronic wave functions and vibrational
modes were known, they could be used to calculate the
coupling of excitons to optical modes. For all sizes, the
coupling strength (in units of the energy of the vibrational
mode with | = 0) S < 107 In terms of a shifted harmonic
oscillators model (as commonly used to describe dye
molecules, e.g.), S can be thought of as the mean number
of vibrational quanta involved in an optical transition.

Experimentally, the exciton—phonon coupling in QDs
has traditionally been inferred from overtones in the
Raman spectrum.3! Krauss measured the overtone spec-
trum of 3-nm PbS QDs in polymer host and obtained the
coupling strength S ~ 0.7 for the dominant optical mode
with | = 0.32 This value is 4 orders of magnitude larger
than that calculated from the intrinsic electronic states
of the QD and would imply that one charge carrier is
highly localized in the QD. What is the origin of this huge
discrepancy? Rapid (~10 ps) trapping of photoexcited
charge carriers is observed with PbS QDs in polymer
hosts.® Trapped charge builds up on the QDs during the
steady-state Raman measurements, producing local elec-
tric fields. Such fields could easily polarize the exciton and
produce the apparently large coupling to optical modes.
A correct measurement of the coupling to polar phonons
in these samples would therefore have to be made before
appreciable decay of the photocreated exciton occurs, i.e.,
on the subpicosecond time scale.

Exciton—phonon couplings can be obtained from a
three-pulse photon echo (3PPE) experiment,®* which
allows determination of the coupling on the femtosecond
time scale. Krauss measured the 3PPE signal from excitons
in PbS QDs using 40-fs pulses. A typical signal, which is
proportional to the electronic polarization, is shown in
Figure 6a along with a theoretical fit. The polarization is
modulated at the acoustic phonon frequency (70 cm™),
with only a small component at the optical phonon
frequency (215 cm™1). The best-fit exciton—phonon cou-
plings are Sacousiic = 0.1 and Sgptical = 0.01. The modulation
is even clearer in the saturated-absorption signal (Figure
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FIGURE 6. (a) Three-pulse photon echo signal (solid line) from 3-nm

PbS QDs, along with theoretical fit (dashed). (b) Saturated-absorption
signal. Reproduced with permission from ref 33.

6b), which monitors exciton population rather than
polarization. The relative strengths of the optical and
acoustic modes obtained by Fourier transforming the data
of Figure 6b agree with those obtained from the 3PPE
experiment. Calculation of the acoustic phonon coupling
also predicts Sacoustic ~ 0.1.

These experiments lead to several conclusions:3

(1) Steady-state Raman measurement can overestimate
the coupling to optical phonons by a factor of ~100 in
QDs of narrow-gap materials.

(2) The actual coupling to optical phonons is very small
(Sopticas = 0.01) due to net charge neutrality and is at least
10 times smaller than values obtained for QDs in other
material systems.

(3) The coupling to acoustic modes is larger than the
coupling to optical modes.

The last two conclusions are consistent with the
original theoretical predictions of Schmitt-Rink et al. for
a QD in the limit of strong quantum confinement.® Lead
salts appear to be the only material system for which this
is true.

Temperature Dependence of the Energy Gap

An interesting and illustrative consequence of the elec-
tronic and vibrational properties discussed above is the
variation of the QD energy levels with temperature. For
virtually all semiconductors, the temperature dependence
of the energy gap is well-known experimentally. In bulk
materials the temperature coefficient of the energy gap
dE¢/dT has contributions from lattice thermal expansion
and electron—phonon interactions. In the limit of a
narrow energy band, theoretical analysis of dEg/dT pro-
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FIGURE 7. Absorption spectra of 85-nm (a) and 4.5-nm (b) PbS
QDs recorded at 12, 100, 200, and 300 K. Adapted from ref 37.
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duces an energy level independent of temperature, as
expected for an isolated atom.® In QDs, we define the
energy gap Eq as the energy of the lowest exciton transi-
tion. Studies generally report that the gap depends on
temperature similarly to the energy gap of the bulk
material 3

Olkhovets and co-workers studied PbS QDs with di-
ameter between 3 and 16 nm in glass and polymer hosts.3”
ag = 20 nm in PbS, so the samples span the range from
nearly bulk material to the strong-confinement limit. The
exciton energies are determined from peaks in the optical
absorption spectra measured at temperatures from 12 to
300 K. Typical experimental data are shown in Figure 7,
and it is immediately evident that the spectra of smaller
QDs are almost independent of temperature. The mea-
sured values of dE4/dT are plotted versus QD size in Figure
8. dE¢/dT approaches the bulk value (~500 x«eV/K) in the
largest QDs and is nearly zero for the smallest QDs. The
same trend is found with PbSe QDs. These are the first
observations that the temperature coefficient of the energy
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gap depends strongly on the size of a semiconductor and
is nearly zero in the smallest structures.

The dominant contributions to the temperature varia-
tion of the energy gap of a QD come from the lattice
dilation and electron—phonon coupling. A qualitative
explanation of the observed size-dependence of dE,/dT
will be given here; quantitative details that produce the
calculated line in Figure 8 can be found in ref 37. The
effects of lattice thermal expansion diminish as the size
of the structure decreases because the QD energy levels
are determined more by the size of the structure rather
than by the lattice constant. The effects of electron—
phonon coupling on the energy levels can be calculated
with perturbation theory. The energy denominators that
appear in such a treatment lead to the well-known
conclusion that coupling to nearby energy levels gives the
greatest influence on a given level. The contribution to
dEy/dT from electron—phonon coupling decreases with
decreasing size simply because the spacing between the
quantum-confined energy levels (i.e., the denominator)
increases. The fact that the energy gap becomes indepen-
dent of temperature in the smallest QDs can therefore
ultimately be understood as a consequence of strong
quantum confinement. In QDs of 1I-VI and 11—V materi-
als, the intraband energy differences do not approach the
bulk energy gap. As a result, dEs/dT is similar to the bulk
value.

Future Directions

All of the studies described here indicate that lead salt
QDs should have extremely narrow spectral lines. This
homogeneous or single-particle line width is not observed
because of the inhomogeneous broadening that arises
from the distribution in particle sizes. Optical spectro-
scopic techniques are available for determining the ho-
mogeneous line width under inhomogeneous broadening,
but it would probably be more decisive to measure the
spectra directly in single-particle experiments. Very narrow
(ueV) excitation and luminescence lines have been ob-
served from single QDs,*® and it would be interesting to
do similar experiments with the lead salts.

With regard to optical applications, the inhomogeneous
broadening in ensemble samples and the difficulty of
producing material with high concentration of QDs sig-
nificantly reduce the effectiveness of QDs. It should also
be pointed out that even the narrow spectral lines
observed in single-QD experiments tend to move with
time;*® this “spectral diffusion” is another source of
effective line broadening. Applications such as optical
switching motivate the development of materials with
large optical nonlinearities. Kang and Krauss have mea-
sured ultrafast absorption saturation (one manifestation
of optical nonlinearity) in PbS and PbSe QDs, but only at
very high fluence (~0.1 mJ/cm?).%® One of the “holy grails”
of QD science is the development of a laser with a QD
active medium. A currently debated issue that arises in
the context of laser development is whether charge
carriers injected into higher excited states of a QD will be
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able to relax efficiently to the lowest excited state prior to
recombination. In an ideal QD, relaxation by phonon
emission is generally impossible except in the (rare) case
where the phonon energy matches the energy-level spac-
ing. The resulting “phonon bottleneck” to laser operation
has not been observed yet, evidently owing to the exist-
ence of parallel relaxation channels in real QDs. Such
channels probably involve the surface or defect states in
many samples, although recent studies indicate that
electron—hole interactions offer a parallel channel for
electron relaxation.*® Lead salt QDs should be good
candidates for studying the intrinsic decay paths for
electrons in QDs. Although inhomogeneous broadening
is detrimental to most optical applications because it
counters the effects of quantum confinement, it is inter-
esting to note that a broad distribution of energies may
be exploited to construct a broad-band optical amplifier
for telecommunications.** Emitters or detectors of light
that do not depend on temperature could certainly be
beneficial to some applications, and these are possible
with lead salt QDs. A number of applications are envi-
sioned for arrays of semiconductor QDs. These would
allow combining the properties of QDs with photonic
band-gap effects,*? as well as for collective or cooperative
nonlinear effects based on interference. It is therefore
quite exciting that the growth of arrays of PbSe QDs was
demonstrated recently.®® As a final example, in the past
two years workers have demonstrated that semiconductor
QDs can be used as flourescent biological labels, with
advantages over currently employed dye molecules.*

Scientific studies as well as applications of QDs are all
currently limited to some extent by the availability of
appropriate samples. The past decade has seen major
efforts aimed at developing the growth of I1-VI and 111V
QDs. By comparison, little has been done with IV-VI
materials. With any effort in this area, it is reasonable to
expect that IV—VI QDs will make major contributions to
QD science and technology.

Conclusions

IV=VI semiconductors such as PbS and PbSe provide
access to the limit of strong quantum confinement and
are well-suited to the investigation of the properties of a
size-quantized system. The electronic and vibrational
spectra of lead salt QDs are relatively simple and sparse.
Some of the features of lead salt QDs are relevant to
applications in optoelectronics, telecommunications, and
biophysics.
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