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ABSTRACT: This review traces nanocrystal quantum dot (QD) research from the early discoveries to the present
day and into the future. We describe the extensive body of theoretical and experimental knowledge that comprises
the modern science of QDs. Indeed, the spatial confinement of electrons, holes, and excitons in nanocrystals,
coupled with the ability of modern chemical synthesis to make complex designed structures, is today enabling
multiple applications of QD size-tunable electronic and optical properties.
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studied of the nanoscale semiconductors, and now we
have a solid, theoretical basis that allows us to understand
most of their electronic, optical, and transport properties. It was
nearly 4 decades ago when Alexei Ekimov and Alexander Efros,
working at the S. I. Vavilov State Optical Institute and A. F. Ioffe
Institute, Russia, began studying semiconductor-doped glasses
and developing theories to explain their observed properties.
Simultaneously, but half a world away, Louis Brus at Bell
Laboratories in Murray Hill, NJ, was investigating semi-
conductor particles in liquid colloids. These two lines of
research, separated both geographically and by the Iron Curtain,
eventually led to the two groups’ independent development of
NCs and theoretical explanation of their size-dependent optical
properties.' ~'> It was not until 1984, however, that the
Americans learned of the Russians’ efforts, when Brus read
translations of the Ekimov papers and wrote to the author. An
additional S years had to pass before the researchers could begin
their intensive information exchange after the fall of the Iron
Curtain and the introduction of Glasnost and Perestroika in
Russia.
Despite obvious differences between semiconductor-doped
glasses and semiconductor colloidal dispersions, it was shown

S emiconductor nanocrystals (NCs) are the most heavily

© 2021 American Chemical Society

7 ACS Publications

that in both cases, NC growth resulted from a diffusion-
controlled microscopic precipitation process. Control over this
process allowed NC size to be varied over a wide range, the
smallest of which were only a few nanometers. Since that time,
NCs of almost all semiconductor materials have been
successfully grown, and many interesting physical phenomena
have been reported. In liquid colloids, a vast improvement in NC
quality and structure has been achieved since then using the
synthetic methods and ideas of modern chemistry.

Over the years it has been established that the size
dependence of NC absorption and luminescence spectra is
determined by carrier spatial confinement, which drastically
modifies the energy spectra of three-dimensionally confined
electrons, holes, and excitons. The energy of the lowest quantum
confinement levels of electrons and holes increases with
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Figure 1. Nucleation and growth of CuCl NCs in a glass. (A) Low-temperature absorption spectra of CuCl activated glass (1) and of pure glass
(2) both annealed at 700 °C for 1 h. Inset shows the absorption spectra of bulk CuCl. Adapted with permission from ref 1. Copyright 1980
Nauka. (B) Rate of NC growth as a function of inverse temperature. (C) Dependence of NC radius on the duration of annealing conducted at
three temperatures T = 200, 300, and 400 °C. (B and C) Adapted with permission from ref 2. Copyright 1981 Nauka. (D) Universal distribution

of NC sizes creating during Ostwald ripening stage of NC growth described by Lifshitz and Slyosov.

25

decreasing NC size and increases the energy of the band edge
optical transitions.”~” For example, in CdSe NCs, this shift of
the energy gap can be as large as 1.2 eV."'®"” By changing size, it
is possible to vary the energy gap of this material from 1.8 eV (its
bulk value) to 3 eV, encompassing nearly the entire visual range
of the optical spectrum. This size tunability of electronic and
optical properties leads to diverse applications.

Modern NC research generates knowledge and materials that
are important to the massive worldwide computer/communi-
cations electronics industry. There have been demonstrations of
tunable, room-temperature lasing using NC solids and of
prototype NC-based light-emitting diodes (LEDs) and photo-
voltaic cells as well as commercial products in NC quantum dot
(QD) biolabeling. Periodic arrays of semiconductor NCs are
solution-processable materials for low-cost, flexible, thin-film
electronics, with reports that these structures can achieve a
mobility of 25 cm®*V~'s™". In 2012, researchers from Samsung
Electronics demonstrated a 4 in. full-color QD display, which
was brighter than previous liquid-crystal displays and consumed
less than one-fifth of the power. Today Samsung and other
companies sell inexpensive “QLED” liquid crystal display
televisions with vivid colors, in which the green and red pixels
are composed of optically excited luminescing QDs. This has
become a multibillion dollar business worldwide.

NCs today are typically complex core—multishell hetero-
structures, often with chemically functionalized surfaces.
Engineered properties can include the frequency of light
emission, ability to transfer photoexcited electrons, suppression
of the nonradiative recombination, shortening of the radiative
decay time, doping, and/or specific solubility in various
environments. We discuss some aspects of how these properties
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are controlled and list several important developments and
insights. Other reviews go into greater depth in specific
aspects.'® There are also a number of monographs and journal
special editions.'"™**

We try to present our original motivation and reasoning, as
best they can be remembered. As often is the case in research, we
describe the roles played by curiosity, observation, theoretical
modeling, persistence in the face of skepticism, and an
enthusiastic readiness to engage in thoughtful contemplation
of unexpected results.

SEMICONDUCTOR NCs IN GLASSES

The technology of colloidal particle growth in glass is a thousand
years old. It was developed during the Middle Ages to provide
the stained glasses that were used in the windows of medieval
churches. The various colors of stained glass result from the
homogeneously distributed inclusion of small particles of some
metals, metal oxides, and even semiconductors.

In modern times, physicists use such colored glasses as optical
filters (so-called Schott glasses), and it was well understood that
the optical properties of these glasses activated by the halogens
are determined by “colloidal particles” dispersed in a glass
matrix. Interestingly, the preparation protocols for these glasses
partially originate from ancient alchemy books: put such and
such compounds in the glass melt, cool the melt down to such
and such a temperature, then heat it up and keep it at such and
such a temperature for a particular period of time. These
procedures were completely empirical.

In 1979, Ekimov began working at the S. I. Vavilov State
Optical Institute, which was equipped with the technology
necessary for Schott glass growth. Emergence of various colors
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Figure 2. Nucleation and growth of NCs in an aqueous solution. (A) Room-temperature absorption spectra of “fresh” and aged for 1 day CdS
NC in aqueous solution. Adapted with permission from ref S. Copyright 1983 AIP Publishing. (B) Room-temperature absorption spectra of
CdSe NC grown by inverse micelle approach, before (panel 1) and after (panel 2) postreaction annealing as well as wurtzite CdSe NCs resulting
from high-temperature refluxing (panel 3). Adapted with permission from ref 39. Copyright 1989 AIP Publishing. (C) Photoluminescence from
1.6 nm radius CdSe NC and its resonance photoexcitation. Adapted with permission from ref 41. Copyright 1990 American Physical Society.
(D) Absorption spectra of CdS, CdSe, and CdTe NCs. (E) Sharpening of CdSe NC absorption spectra introduced by size-selective precipitation
(see modifications from (1) to (4)). (E and D) Adapted with permission from ref 17. Copyright 1993 American Chemical Society.

in semiconductor-activated glasses was a fascinating problem to
look at, and Ekimov decided to investigate the underlying
physicochemical mechanisms. His initial idea was to determine
the structure and chemical composition of the colloidal particles
and the mechanism of their growth. In contrast with the old
recipes, he decided to study the effect of glass activation by a
single compound. Experiments had been undertaken with
glasses activated by the chloride or bromide of copper (CuCl,
CuBr) as well as with glasses activated by the sulfide or selenide
of cadmium (CdS, CdSe).

Ekimov’s initial efforts to understand the absorption spectra of
CdS and CdSe activated glasses were unsuccessful. The
activation created additional broad features in the glass
absorption, whose position changed significantly under various
heat-treatment conditions. The first success came with the study
of glasses activated by chloride of copper: CuCl. Figure 1A
shows the absorption spectra of thin samples (100 ym) of
glasses activated by CuCl, measured at 4.2 K. Figure 1A also
shows the absorption spectra of an activated glass sample (1)
and of pure glass (2), both annealed at 700C for 1 h. The spectra
of the activated samples show a two-line sharp structure that is
similar to the band-edge absorption of bulk CuCl crystals (see
inset). In bulk CuCl, the structure was identified as two excitonic
transitions connected with a spin—orbit split valence band (see
inset). The similarity of both absorption spectra unambiguously
showed that “colloidal” particles were simply CuCl crystalline
inclusions dispersed in a glass matrix. The exciton line positions
showed, however, high sensitivity to the sample-annealing
temperature. A decrease of the sample-annealing temperature
resulted in a larger blue shift of the excitonic structure from its
bulk position." This behavior suggested the existence of
relationships between annealing parameters and particle size.
To reveal these correlations, Ekimov and his Ph.D. mentee
Alexei Onushchenko measured the mean NC radius a using
small-angle X-ray scattering, for samples annealed from 500 to
700 °C, and with annealing duration varying from 1 to 96 h.”
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These measurements revealed a broad range of sizes from a = 17
A for samples annealed at 500 °C for 4 h to a = 310 A for samples
annealed at 700 °C for 1 h. Critical assistance in understanding
the various effects of annealing on NC size came from G. T.
Petrovskii, Director of the Vavilov Institute. During one of his
occasional visits to the laboratory, Petrovskii focused the
attention of Ekimov’s group on the theory of diffusion-
controlled phase decomposition of oversaturated solid sol-
utions, a theory developed by I. M. Lifshitz and V. V. Slezov.”

In short, their theory describes the growth of a droplet of
water in air that is supersaturated by water vapors. Such a
medium is unstable, and its decomposition begins with the
formation of very small water droplets. As soon as these “nuclei”
of the new phase are created, water begins to diffuse to the large
droplets, increasing their size at the expense of the small
droplets. This process, which is driven by the higher surface
energy of the small droplets is known as Ostwald ripening and
leads to an increase in the average droplet size over time. The
same processes occur in semiconductor-activated glasses
prepared by rapid cooling of the glass melt. The activated
glass decomposition is controlled by the diffusion coefficient, D
= Dyexp(—AE/kT), where AE is the activation energy of
diffusion and depends exponentially on the annealing temper-
ature, T. In such media, semiconductor NCs are the “nuclei” of a
new phase. According to Lifshitz and Slyozov, the average radius
of the droplet increases with annealing time, t, as a = (4aDt/
9)1/ 3, where a is the interfacial surface energy. This simple
expression described very well the experimental dependencies of
NC size on temperature (Figure 1B) and the duration (Figure
1C) of annealing. The activation energy, AE, was determined
from the experimental results. This understanding of the
thermodynamics of particle growth gave Ekimov’s group a
powerful tool for synthesizing NCs.

Ten years later this technique was modified to improve the
dispersion of NC sizes. The steady-state dispersion of sizes
created during the Ostwald ripening stage of growth is around
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Figure 3. Theoretical ideas from the early 1980s. (A) Calculated size-dependent shift of the lowest exciton levels in strong confinement
described by eq 3. Adapted with permission from ref 8. Copyright 1984 AIP Publishing. (B) Spatial electronic state correlation diagram for bulk
semiconductors and NCs. Adapted with permission from ref 15. Copyright 1986 IEEE. The bulk valence and conduction bands, together with
shallow trap states, evolve into the NC molecular orbitals. Deep localized defect states in the bulk have essentially the same energy in the NC.

New localized surface states exist in the NC.

15% (see Figure 1D). To reduce this size dispersion, Ekimov et
al.'® began to use the fluctuation-mediated stage of phase
decomposition for formation of QDs. Initially the glass
supersaturated by the semiconductor phase was exposed to a
short high-temperature treatment, during which multiple nuclei
of a new phase—NCs—were created. The dispersion of NC
sizes created by this means is significantly smaller than 15%
because the probability of fluctuation-mediated NC formation
depends exponentially on its volume. Consequent rapid cooling
of the glass allows preservation of the narrow size distribution.
The slow growth that follows at lower temperatures enables a
change in average size, with 5% size dispersion preserved. There
is a clear resemblance here to the invention of the colloidal hot-
injection synthesis method more than a decade later (discussed
in the following).

SEMICONDUCTOR NCs IN LIQUID COLLOIDS

The study of semiconductor particles in liquid colloids does not
share the long history of stained-glass development. In the 1970s
and 1980s, chemists in the United States and Europe, including
Bard,”® Fendler,”” Gratzel,”® and Hengleinzﬁ)_31 among others,
began to explore semiconductor colloids, mostly for solar energy
applications. While these particles were generally too large to
show confinement, Henglein did observe optical size effects and
modeled them semiclassically.

Brus’ initial observation of quantum size effects was
accidental. In late 1982 in Murray Hill, he was studying organic
photochemistry on CdS particle surfaces, using pump—probe
Raman spectroscopy. He made CdS aqueous colloids by
arrested precipitation following fast injection of precursor ions
and observed that the CdS spectra sometimes changed with
aging as Oswalt ripening occurred. He suspected that the
observed change was a size effect. To confirm this idea, he
slowed down the CdS NC growth by lowering precursor
concentrations and decreasing the growth temperature in
acetonitrile solvent, thus making smaller NCs. This allowed
him to measure a blue shift and exciton peak in the absorption
band edge of CdS on the freshly prepared sample (see Figure
2A). The average NC diameter was 4.5 nm, and the observed
shift of absorption was consistent with an increase of the energy
gap in NCs of this size due to quantum confinement of electrons
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and holes. In aged colloids, the average NC diameter reached
12.5 nm, and the sample absorption band edge shifts back to the
bulk CdS energy gap. Stimulated by these observations, Brus
developed an effective mass and dielectric polarization theory
that described the measured size-dependent shift.”® These
studies were extended to ZnS, PbS, ZnSe, CdSe, and the silver
halides.”'”'* Two separate quantum confined excitons from a
spin—orbit split valence band were observed in the spectra of
ZnSe QDs precipitated at —80 °C in isopropanol. At this time,
Brus inhaled a significant breath of toxic H,Se gas when
attempting to change a defective regulator on a gas tank and
spent a night in the hospital.

These early synthetic approaches, and theoretical ideas
outlined in Figure 3, were summarized in 1986, just as
Paul Alivisatos arrived in Murray Hill as a postdoc. It was
decided to try to find better chemical methods to make and
control NCs. Chemical synthesis is manpower intensive
compared with spectroscopy. Thus, to initiate this program,
Brus, Alivisatos, and synthetic chemist Michael Steigerwald
began to work daily side-by-side, trying different synthetic ideas
and adopting Schlenk vacuum line and glovebox techniques
from organometallic chemistry to exclude oxygen.

Structured liquid inverse micelle solutions were explored in an
attempt to control CdSe particle growth and structure. These
solutions contain ca. 100 A diameter water droplets with a
surface surfactant layer, in bulk heptane liquid. Each droplet
could be a “microreactor” containing one growing NC; NCs in
different droplets are prevented from fusing with each other by
the micelle structure. After initial nucleation, it was observed
that if reagents for CdSe were added slowly, they would grow on
existing NCs but not nucleate new NCs. This was seen in the
solution absorption spectrum change. The NCs in micellar
solution at room temperature were stable against aggregation,
yet their surfaces were “reactive”, in essence waiting for more
reagents to be added. This realization was exploited by using a
different organometallic reagent that bonded a phenyl group
onto the CdSe surface. This both “capped” the NC, making the
surface less reactive, and converted the particle from hydrophilic
to hydrophobic. The particles exited the water droplets and
settled on the bottom of the beaker. A pure dry powder of
capped NCs of specific size was recovered. Working in
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collaboration with many colleagues in Murray Hill, these capped
NCs were characterized by high-resolution TEM, powder X-ray
scattering, low-temperature optical hole burning spectroscopy,
resonance Raman scattering, EXAFS, Auéger spectroscopy, and
NMR of both 7’Se and '*'Cd nuclei.** >

The sequential growth idea was used to try to make potential
core—shell NCs with CdSe and ZnS. If reagents for ZnS were
slowly added to a CdSe micellar solution, ZnS began to grow on
the CdSe surface. This process was followed in both optical
absorption and luminescence. A huge increase in CdSe core
luminescence was observed. These composite particles were also
capped and characterized as a dry powder. The particles were
poorly crystalline as they were made at room temperature, and
far better methods for core—shell synthesis are known today.
Nevertheless, the beneficial passivating effect of a chemically
bonded, higher band gap shell was demonstrated.”” About this
time, Henglein also showed that aqueous CdS particles could be
effectively capped by Cd(OH), at high pH.*®

After Alivisatos left to join the Berkeley chemistry faculty,
further advances occurred with postdoc Moungi Bawendi who
arrived in 1988. Lewis base solvents were investigated, with the
hope that they would form dative bonds to surface Cd atoms and
thus draw the NCs into solution. Capped CdSe powders from
the inverse micelle synthesis were refluxed in 4-ethylpyridine,
near 160 °C under argon. It was a surprise when this refluxing
significantly sharpened the optical exciton peaks and zinc blende
X-ray powder patterns. It was then realized that a higher
temperature synthesis made better QDs than the room-
temperature inverse micelle process. In 1989, it was found that
capped micelle particles refluxed in tributylphospine TBP at 260
°C grew to ca. 40 A size with excellent wurtzite structure and
strong luminescence.””*’ This was an important result. Bawendi
observed that a partially empty older bottle of TBP actually gave
better growth and luminescence than a new bottle. NMR
analysis showed that some of the remaining TBP in the old
bottle had oxidized to tributylphosphine oxide (TBPO). After
this, growth was intentionally carried out in 90% TBP and 10%
TBPO. Nevertheless, the growth process remained somewhat
episodic. Occasionally, excellent samples with a very narrow size
distribution were grown. These NCs, instead of growing at the
beginning of the heating cycle, dissolved in the solution, as
indicated by the disappearance of the initial yellow color. After
heating for a few more hours, a deep red color slowly appeared
without Rayleigh scattering, and the optical spectrum showed
excellent NC exciton absorption and emission as in Figure 2B’
and 2C.*" It was discovered much later that traces of phosphonic
acids in TBPO play a critical role in creating high-quality QD
nanostructure.”” This Bell Laboratories work on CdSe NC
theory, spectroscopy, and colloidal synthesis was summarized in
1990." The strong spirit of collaboration in Murray Hill made
all this research possible.

At this time Brus and postdoc Karl Littau began to study
silicon due to its importance in the computer/telecommunica-
tion industry. By creating a high-temperature gas-phase aerosol
synthesis, they were able to observe quantum size effects and
strong red luminescence in surface oxidized silicon NCs. They
found that silicon does not become a direct gap due to a small
size in NC form. High luminescence is created because the
efficient nonradiative recombination of bulk crystalline Si, due to
the long diffusion lengths of free carriers at room temperature, is
prevented by confinement in NCs.**~*

Bawendi joined the MIT chemistry faculty and began to
explore improved approaches to colloidal CdSe growth with his
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Ph.D. student Christopher Murray. In 1993 they found that
trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO)
with higher boiling temperatures and toxic Me,Cd and
(TMS),Se (or TOPSe) precursors (instead of inverse micelle
powders) gave improved results. A critical insight was to limit
nucleation to an initial burst. This idea was inspired by the
classic work by LaMer and Dinegar in 1950, which showed that
the production of a series of monodisperse lyophobic colloids
depends on a temporary discrete nucleation event followed by
controlled growth of the existing nuclei.*’ Murray rapidly
injected cold reagent solutions into hot, near 300 °C TOP/
TOPO solvent under argon, resulting in a short nucleation
burst.'” The lowering of reagent concentrations through
dispersion in the large solvent volume, and the sudden
temperature drop connected with introduction of room-
temperature reagents, stopped further nucleation. Gently
reheating allowed slow growth in size.

Solvent temperature became a powerful tool in optimizing
NC growth, just as in the Ekimov glass studies. Both the average
size and the NC size dispersion depend upon the growth
temperature after nucleation, consistent with the surface free-
energy considerations. Careful adjustment of temperature was
shown to be necessary to maintain steady growth, increasing
average NC size.'” If the size distribution began to spread, the
temperature necessary for slow, steady growth dropped and vice
versa. Adjustment of the reaction temperature in response to a
change in the absorption spectrum line width preserved the
sharp size distribution as the sample grew.

Importantly, the slow growth kinetics necessary for high-
quality NCs was supported by the capping groups (TOP/
TOPO) which create a significant surface steric barrier to
reaction. In comparison, slow growth kinetics in a glass matrix
was achieved using the temperature dependence of the diffusion
coefficient. The steady, controlled growth in hot TOP/TOPO
resulted in highly monodisperse NCs and allowed size selection
by extracting a sample periodically from the reaction vessel.
Finally, Murray et al. introduced size-selective NC precipitation
in mixed solvents, which resulted in a dramatic sharpening of the
absorption spectra, as shown in Figure 2D. This phenomenon
was also observed independently in CdS NCs by Chemseddine
and Weller.*®

All this chemical “know how” became a standard method-
ology for high-quality colloidal QD synthesis and enabled the
controlled growth of CdS, CdSe, and CdTe (see Figure 2E).
Figure 5C shows the absorption spectra of CdSe QDs with a
radius of ~1.2—11.5 nm. The frequency span of covered by the
CdSe NCs is on the order of 1.2 eV. Cd;P, NCs cover a larger
span of 1.6 eV."

SEMICONDUCTOR NCs IN SOFT CRYSTALLINE SOLIDS

NCs can be grown as inclusions in soft crystals if the diffusion
coefficient of one component is sufficiently fast. In 1984, using
the transverse Bridgeman method, Itoh and Kirihara grew CuCl
NCs of various sizes in a NaCl host, which initially was heavily
doped by Cu".>® The observed blue shift of the CuCl exciton
lines was explained by exciton confinement in nanometer-size
crystals. Although relatively small at room temperature, the
temperature-sensitive diffusion coeflicient of Cu” in the NaCl
crystal lattice enabled the growth of smaller NCs. Similar to
growth in glasses, the final size distribution of the NCs is
determined by the duration of the phase-separation process and
is fixed at its interruption.
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Figure 4. Size-dependent absorption spectra. (A) Absorption spectra of 2, 2.9, and 31 nm radius CuCl NCs. Adapted with permission from ref
12. Copyright 1985 Elsevier. (B) The energy dependence of the two exciton lines (Z; and Z, ,) on CuCl NC radius, a. Adapted with permission
from ref 3. Copyright 1981 Russian Academy of Science. (C) Absorption spectra of 1.2, 1.5, 2.3, and 33 nm radius CdS NCs. Adapted with
permission from ref 12. Copyright 1985 Elsevier. (D) The cartoon shows schematically the structure of lowest electron and hole levels in NCs.
Here we adopted level notation from atomic physics: S, P, and D for the level with angular momentum 0, 1, and 2. The arrows show the allowed
transitions between these levels allowed by optical selection rules. (E) The energy dependence of the three lowest optical transitions on CdS NC
radius. Adapted with permission from ref 7. Copyright 1984 Russian Academy of Science. Symbols are experimental data connected by the red
lines to guide the eye. The initial slopes of the experimental dependence are shown by black straight lines.

SIZE-DEPENDENT ELECTRONIC AND OPTICAL
PROPERTIES

Today it is almost impossible to imagine the initial skepticism of
the solid-state community in the former Soviet Union regarding
the idea that nanosize semiconductor crystals, which have only
several hundred atoms, can have regular electronic and optical
properties that are controlled by just one parameter: NC size. It
was especially difficult to believe this concept because Ekimov’s
NCs were grown before Soviet quantum wells were created in
Alferov’s laboratory at the Ioffe Institute in 1984. To get the
papers past the editors and peer review of Soviet journals,
Ekimov and Efros decided to apply the word “microcrystal” to
the nanosize semiconductor particles they were studying.
Critically, the technology developed by Ekimov et al. for
semiconductor-doped glasses in ref 1 enabled the growth of well-
defined sizes and allowed researchers to establish the major size-
dependent NC optical properties. The gradual change in size
from very large—almost bulk (up to 1 ym in diameter)—to very
small (down to 2.5 nm in diameter), which were enabled by this
technique in, allowed researchers to overcome widespread
skepticism that such small particles could possess regular size-
dependent optical and electronic properties.

Figure 4A shows the low-temperature absorption spectra of
CuCl NCs measured in three different glass samples with
average NC radius a = 2.0, 2.9, and 31 nm.'” All spectra exhibit
two exciton lines connected with two valence band subbands (Z,
and Z, ,). One can see that the absorption spectra of the largest
31 nm radius NCs are nearly identical to those of the bulk (see
Figure 1A insert) and that both exciton lines shift to the blue as
size decreases. The shift of both exciton lines plotted as a
function of the inverse square of the radius is shown in Figure
4B. The size dependence of the shift is linear in this scale.
Extrapolation of the dependencies to very large NCs results in
the energies of excitonic transitions in bulk. The observed
phenomenon thus was interpreted quantum confinement of
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excitons in a three-dimensional (3D) NC embedded in a wide
band gap oxide glass.” The size dependence was described by the
“particle-in-a-box” equation that can be found in any handbook
on quantum mechanics, assuming that the NC has a spherical
shape and is surrounded by infinitely high potential barriers.
This gives the following expression for the size dependence of
the exciton lines:

2 2
nr

2Ma? (1)

ho = E, — E, +

where E; and E,, are the bulk energy gap and exciton binding
energy of bulk CuCl. The effective mass of the exciton center of
mass motion M is the only fitting parameter, determining the
slope of the linear dependence in Figure 4B.

Although eq 1 qualitatively describes the exciton size shift, the
effective mass M that fits the experimental slope turns out to be
40% larger than the experimentally measured value 0.2m,, where
my is the free electron mass. Usually, effective masses of wide gap
semiconductors are not well-known, but this is not the case for
CuCl. Precise measurements of its effective masses were
conducted in the mid-1970s, motivated by the claim that
CuCl is a high-temperature superconductor—a claim found to
be incorrect.

The disagreement between experiment and theory brought
Ekimov back to his alma mater, the Ioffe Institute, where he met
with Alexei and Alexander Efros. Their discussions of the
reasons for the disagreement clarified that eq 1 does not take
into account the dispersion of sizes. The absorption coefficient
of an ensemble is dominated by NCs larger than the average
size." This idea allowed them to describe the observed slope
using the effective mass M = (1.9 + 0.2)my,"" which agrees very
well with the values in the literature. This meeting initiated the
long lasting collaboration between Ekimov and Alexander
Efros.
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Figure S. Size-dependent absorption spectra of CdSe NCs. (A) The absorption spectrum and its second derivation for CdSe NCs with mean
radii 3.8, 2.6, and 2.1 nm. Adapted with permission from ref 16. Copyright 1993 The Optical Society. (B) The size dependence of the lowest
electron and hole levels of CdSe NCs calculated within the 6-band effective mass model. Adapted with permission from ref 16. Copyright 1993
The Optical Society. The red and blue arrows show the optically allowed transitions to the 1S and 1P electron levels. The calculated position of
allowed transitions and their relative intensities are indicated by the vertical lines in (A). The insert table identifies these transitions. (C)
Absorption spectra of CdSe NCs with size varying from 12 to 115 A grown in aqueous solutions. Adapted with permission from ref 17.
Copyright 1993 American Chemical Society. Color of absorption lines show the real color of emission of corresponding sample.

The Coulomb interaction between the optically created
electron and hole strongly affects the NC optical spectra. This
interaction must always be considered because both particles—
electron and hole—are confined in the same crystal volume. As a
result, the optical properties depend strongly on the ratio of the
NC radius, g, to the Bohr radius of the bulk exciton, ag,* which
varies in bulk semiconductors from ~1 nm in CuCl to ~50 nm in
PbSe. A large Bohr radius results from strong carrier
delocalization (small effective mass) and/or substantial screen-
ing of the Coulomb interaction. In the case a >> ag, the optical
spectra of NCs are determined by the quantum confinement of
the exciton center of mass motion. This case is called the “weak
confinement” regime and has been carefully studied in CuCl
where ag = 7 A. The “strong confinement” case is realized when a
< ag. Here the optical spectra was thought of as transitions
between individual electron and hole quantum size levels,
slightly decreased by the Coulomb electron—hole interaction.
Detailed investigations of this case have been conducted in CdS
and CdSe where a; = 28 A and ag = 56 A, respectively.

Understanding the diffusion-controlled growth of CuCl NCs
made it possible to synthesize NCs of II-VI semiconductor
compounds. Figure 4C shows the low-temperature absorption
spectra of CdS NCs measured in four different glass samples
with an average radius a = 1.2, 1.5, 2.3, and 33 nm.'" The red
curve shows the absorption spectra of very large 33 nm radius
NCs. These spectra are nearly identical to the absorption spectra
of bulk CdS and have a bulk energy gap equal to 2.5 eV. The fine
structure at the band edge is created by the three excitons
connected with the three valence subbands of this material. It is
seen that a decrease in size leads to a strong shift of the
absorption edge to larger energy and is accompanied by the
oscillations in the higher interband absorption. The energy gap
increases dramatically: up to 1 eV in the smallest NCs.
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The small-size round CdS NCs are in the “strong confine-
ment” regime. In a parabolic band approximation, each electron
and hole state is characterized by angular momentum [ The
energy of the corresponding levels:

hZ(p 2
ILin
E (I, n) = E—

me'ha

@)

is inversely proportional to the effective mass of carriers m, and
the square of the radius 4, and ¢, , is the n-th root of the spherical
Bessel function of index I. The lowest roots are ¢y, = 7, ¢, =
4.49, ¢, = 5.76, and ¢, = 2x. The diagram in Figure 4E shows
schematically the level structure and optically allowed
transitions between electron and hole levels. Here we adopt
level notation from atomic physics: S, P, and D for the levels with
angular momentum 0, 1, and 2. The optical transition energies
can be written: ">

2

hwl,ﬂ = Eg + Ee(ly n) + Eh(l, n) — 1.8;—(1

©)

where « is the semiconductor dielectric constant. The last term
takes into account the electron—hole Coulomb attraction, which
is calculated perturbatively.

Figure 4E shows the experimental size dependence of the
band edge (empty circles) and spectral position of oscillations
maxima (empty triangles and squares), for CdS at liquid helium
temperatures, as a function of the inverse square of the radius.
The red lines going through these data are plotted as eye
guidance. The dependencies should be almost linear in 1/a*
scale in the parabolic approximation, as predicted by eq 3. The
deviations from linear dependence are connected with the
nonparabolicity of the electron energies. The initial slopes of the
curves that describe the absorption spectra in very large NCs
(black lines) are in good agreement with eq 3 using the electron
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effective mass m, = 0.2my known for bulk CdS. Only electron
levels are resolved in the absorption spectra. The 15% dispersion
of sizes was too large to resolve the hole level structures. The
spacing between hole levels is small due to the large hole
effective masses in CdS.

It took 9 more years for the structure of the hole levels in CdSe
NCs to be revealed, which occurred when Ekimov was able to
narrow the size distribution. Figure SA shows the absorption
spectrum and its second derivation for NCs with mean radii 3.8,
2.6, and 2.1 nm."® This observed level structure, however,
cannot be described within the parabolic-band model even
qualitatively. The valence band of CdSe consists of six subbands,
which change both the level structure and optical selection
rules.”’ The complete description of absorption also takes into
account the nonparabolicity of electron spectra. Figure SB shows
the size dependence of the lowest electron and hole levels
calculated within the six-band effective mass model plotted as a
function of the inverse square of the radius. The red and blue
arrows in Figure 5B show the optically allowed transitions to the
1S and 1P electron levels. One can see that there are no selection
rules connected with the main quantum number, and transitions
to the lowest electron s and p levels are allowed from many hole
levels that have s and p angular symmetry.

The results of comparison of theoretical results with
experiment are shown in Figure SA. The calculated position of
permissible transitions and their relative intensities are indicated
by their positions, and transition intensities are in good
agreement with experimental data.'® It was later shown by
Norris and Bawendi’” that the same theory successfully
describes the size-dependent absorption spectra of colloidal
CdSe NCs shown in Figure 5C.

In the United States, when Brus observed the colloidal CdS
NC blue shift, he was aware of the optical effects of 1D quantum
confinement in thin semiconductor superlattices grown by
molecular beam epitaxy. 1D confinement in superlattices was
analyzed with effective mass theory in 1974.> In comparison, in
a compact perfect NC with 3D confinement, the independent
quantum energies along the three axes would simply add. A
planar thin semiconductor with interfaces to higher band gap
thick capping layers having essentially the same dielectric
constant as the NC is especially simple, compared to NCs with
real surfaces in colloids. In superlattices, the epitaxial interfaces
do not introduce localized defect states, unlike the surfaces of
colloidal NCs, and the electron—hole Coulomb interaction is
fully screened as in the bulk crystal. Brus modeled NCs,
incorporating both effective mass quantum confinement, and
dielectric polarization with increased Coulomb interaction, on
an equal footing.”*

The fact that the electron—hole interaction is screened in the
bulk crystal necessarily implies that a single charge in a NC has a
significant dielectric stabilization energy. In a bulk semi-
conductor, the dielectric constant can be on the order of 10,
and thus the Coulomb interaction between electron and hole is
weaker by this factor as compared with vacuum. In a colloid, the
NC dielectric constant can be a factor of 5—10 greater than that
of the host liquid. This difference creates significant size-
dependent polarization energies that must be considered in
addition to quantum effects.” If a NC contains just one carrier,
the electric field lines pass across the surface and terminate at
infinity in the host liquid. This electrostatic problem for a
spherical NC in a medium of different dielectric constant can be
modeled using image charges. For a flat surface, the potential
created by the image charge is shown in Figure 6A. There is a
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Figure 6. Effects of difference in dielectric constant and surrounding
media. (A) Potential created by image charge pushes electron from
the surface. (B) Cartoon that shows that the mirror force potential
in a semiconductor nanostructure embedded in the media with
small dielectric constant results in the shift of carrier confined level
to the higher energy; this is the dielectric confinement effect. (C)
The enhancement of the Coulomb interaction due to penetration of
the electric field of carrier confined in nanoplatelets in the
surrounding media. (D) Absence of the Coulomb enhancement in
spherical NCs due to local compensation of electron and hole charge
at each point of the NCs.

polarization force pulling the carrier to the NC center, which is
the point of greatest stabilization (see Figure 6B). These
electrostatic effects by themselves change the NC ionization and
redox potentials, and electron affinity, as a function of size. Such
dielectric polarization effects are quite general. They are
important in the luminescence of Si NCs in porous silicon
films,”* in the Marcus theory of electron-transfer reactions in
chemistry and biology,” and in luminescent carrier recombina-
tion in bulk lead-halide perovskites.*®

In contrast with a charged NC with one carrier, the electric
field lines begin on the hole and terminate on the electron in an
exciton of a neutral NC. The two single charge polarization fields
substantially cancel with strong 3D quantum confinement (see
Figure 6D). To the extent that the field lines fringe outside the
NC into a lower dielectric constant of the liquid, the Coulomb
interaction is stronger (less screened) than in the bulk crystal.8
The Coulomb interaction depends upon the exact positions of
the charges; the Coulomb energy can be averaged in
perturbation theory only for strong quantum confinement, as
shown above in eq 3. The quantum size effect increases the band
gap and varies approximately as a~%, while the Coulomb energy
decreases the band gap and varies as a~'. Thus, Coulomb
energies are relatively more important in larger NCs. It is
interesting to note that in 1979 Keldysh considered the
Coulomb interaction inside a thin 2D dielectric layer in
vacuum.””* As the electron and hole move further apart, a
greater fraction of the electric field fringes out into the vacuum
(see Figure 6C). For large separations with respect to the
dielectric thickness, the Coulomb interaction is unscreened. For
close separations, the interaction is partially screened and varies
as log(r™"), where r is the electron—hole separation.

FURTHER TECHNOLOGICAL DEVELOPMENTS

The Murray et al. paper'  introduced a versatile and
reproducible chemical strategy and synthesis for growing
monodisperse NCs in a wide range of sizes. In contrast to
NCs grown in a glass matrix, in liquid colloids, capped NCs can
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Figure 7. Technological milestones. (A) Photoluminescence (PL) of CdSe NC passivated by TOPO (dotted line) and CdSe NCs passivated by
ZnS (solid line) normalized by their absorption at excitation wavelength (470 nm). Adapted with permission from ref 59. Copyright 1996
American Chemical Society. (B) Time dependence of photoluminescence intensity of a single 2.1 nm radius CdSe NCs. Adapted with
permission from ref 69. Copyright 1996 Springer Nature. Excitation intensity I = 0.7 kW/cm?, a sampling interval of 20 ms; bare NC (upper
panel) and cover by seven monolayers-thick ZnS layer (lower panel). (C) (1) A (101)g; projection of an fcc array of 2.4 nm radius NCs with
characteristic ED pattern shown in the inset. (2) TEM image of NC solid crystal made of 2.4 nm radius CdSe NCs showing the characteristic
pyramidal shape. Adapted with permission from ref 70. Copyright 1995 The American Association for the Advancement of Science. (D) TEM
images of different sample of nanorods. Adapted with permission from ref 75. Copyright 2000 Springer Nature. (1—3) Low-resolution of TEM
images of three nanorod samples with different sizes and aspect ratios; (4—6) High-resolution TEM images of four nanorods. (E) Two-color
labeling of mouse 3T3 fibroblast with green and red CdSe NCs. Adapted with permission from ref 82. Copyright 1998 The American
Association for the Advancement of Science. (F) PL and photoluminescence excitation (PLE) spectra of undoped (1) and Mn-doped (2) ZnS
NC, (3) fine structure electron paramagnetic resonance, and (4) magnetic field dependence of a giant Zeeman splitting of the band edge
transitions measured with magnetocircular dichroism in Mn-doped ZnS NC. Adapted with permission from ref 90. Copyright 2001 American
Chemical Society.

be grown and passivated in a planned sequential manner and temperature (Figure 7B).”” The observation of blinking
then recovered and utilized in devices and applications for confirms that luminescence results from coherent, single
bottom-up assembly. Thousands of scientists and engineers use state emission by the entire NC. Blinking decreased with
this chemical technology and its modifications today. We list shell thickness, demonstrating the importance of a higher
below some important milestones. band gap shell in reducing carrier penetration to the

surface. It was also realized that previous ensemble
spectroscopic studies had averaged out the amazingly
wide range of dynamical behavior showed by individual
NCs, and this stimulated further work on improved
chemical synthesis.

(1) The sequential growth of designed core—shell structures,
as previously described for the micelle synthesis, now
using high-temperature TOP/TOPO type solvents for
better crystallinity. Core—shell structures protect excitons
from nonradiative recombination at the surface and thus

increase the photoluminescence quantum yield.**~** In (3) The crystallization of a 3D periodic NC array, bound by
1996, Hines and Guyot-Sionnest59 demonstrated that the van der Waals forces, from a supersaturated solution was
photoluminescence ensemble quantum yield cold be as reported by Murray et al.”® Figure 7C shows the TEM (1)
high as 50% at room temperature in CdSe/ZnS core— and optical images (2) of such a 6.3 nm CdSe NC
shell NCs (see Figure 7A). Substantially more complex “supercrystal”. Periodic arrays in principle can be made
core—shell structures are grown today.’” They are from an unlimited number of man-made NCs. Many types
designed to satisfy additional requirements such as of supercrystals with different shapes, sizes, and
suppression of nonradiative Auger processes’’®* and compositions have been grown.”"”* The growth of binary
dislocations®® and to have specific ligand passivation.®*** supercrystals, that is, the ordered cocrystallization of two
This subject has been substantially reviewed.*~* different NCs, has been reviewed.”*”*

(2) Room-temperature luminescence dynamics of individual (4) Control of colloidal NC shape. Xiaogang Peng, a postdoc
NCs. A collaboration between MIT and Murray Hill in the Alivisatos laboratory in Berkeley,”” found syntheses
reported the “luminescence blinking” of single CdSe/ZnS to grow strongly elongated CdSe NCs, so-called nano-
core—shell NCs under continuous illumination at room rods, as shown in Figure 7D. The panels (1-3) show
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Figure 8. Technological milestones. (A) Temporal evolution of sizes and their distribution of CdTe, CdSe, and CdS NC grown using a CdO
precursor. Adapted with permission from ref 96. Copyright 2001 American Chemical Society. (B) Highly efficient deep blue emitters (stared
from left): 9,10-diphenylentrance, CdSe/ZnS NCs grown for 60, 40, and 20 min. All optical densities of the solution are 0.1. Adapted with
permission from ref 100. Copyright 2005 Royal Society of Chemistry. (C) TEM image of five monolayer-thick CdSe nanoplatelets. Adapted
with permission from ref 107. Copyright 2011 Springer Nature. (D) Absorption spectra and photoluminescence measured in two-, three-, four-,
and five-monolayer-thick nanoplatelets. Adapted with permission from ref 107. Copyright 2011 Springer Nature. (E) TEM images of CdSe NCs
transformed into metallic Ag,Se NCs and then reversed back to CdSe NCs. The transformations are confirmed by X-ray diffraction,
fluorescence, and absorption of corresponding samples. Adapted with permission from ref 112. Copyright 2004 The American Association for
the Advancement of Science. Cartoons show schematically the cation exchange process. (F) Structure of inorganic SnS, ligand connected with
NC surface. Adapted with permission from ref 112. Copyright 2004 The American Association for the Advancement of Science.
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ensemble nanorods and panels (4—7) show the four
single nanorods. Control of shape is important, due to the
strong dimensionality dependence of dielectric polar-
ization, quantum confinement, and electron correlation.
For example, nanorod luminescence is linearly polarized,
and the binding energy of excitons is much larger, as
compared with near round QDs.”®”” More complicated
heterostructure nanorods, such as “dot-in-rods” and
“nano-bar-bells”, are grown today.”® The growth of
nanorod and nanorod heterostructures made of various
semiconductors has been reviewed.””*” More complex
geometrical structures, so-called tetrapods, can be grown
using these approaches. There is a narrow window of
reaction conditions under which CdTe nucleates in a
compact zinc blende structure followed by growth of four
“arms” with a wurtzite structure.®'

Nanocrystal QDs as fluorescent biological labels. In 1998,
the Alivisatos group reported two color labeling and
imaging, from incorporation of two different QDs, in
mouse 3T3 fibroblasts in vitro (Figure 7E).*” At the same
time, Chan and Nie demonstrated QD imaging in
cultured | HeLa cells, showing that QDs are biocompat-
ible with living cells.*> Subsequently frog embryos were
followed throughout their growth into adult frogs using
four-color QD imaging.** Today, control of surface
chemistry on many different sizes and materials allows
NC incorporation into different areas of living cells.
Infrared-emitting InAs core/multishell NCs with phos-
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(6)

(7)

pholipid surface functionalization have been used in the
real-time internal imaging of live mice.*> Nanocrystal
QDs are useful as optical markers because they have broad
absorption spectra yet narrow emission spectra, with high
brightness and photochemical stability. They can be
intentionally bonded to biological molecules.*®” In
neurons, the NC submillisecond responsiveness due to
a relatively short radiative decay time, and a two-photon
cross section larger than that of fluorescent dyes, enable
their use in monitoring of electrical activity.*® Also, note
that in 1989, Brus, Winge and collaborators discovered
naturally occurring quantum confined CdS NCs, capped
with cysteine rich peptides, in yeasts.89

Synthesis of intentionally doped NCs. Controlled doping
was reported by Norris et al.,,” in which high-quality ZnSe
NCs were doped with Mn. Previously, it had been
suspected that this would be essentially impossible due to
spontaneous NC lattice self-purification. Figure 7F shows
the spectra of undoped (1) and Mn doped (2) ZnSe NCs
and clearly shows the Mn emission line in the doped
sample. Figure 7F shows the electron paramagnetic
resonance fine structure resulting from substitutional
internal Mn (3) and the giant magneto circular dichroism
due to the Mn effective magnetic field (4). Various do4ping
mechanisms and syntheses have been reviewed.” ™
Safer reagents. Peng, working with his own group in the
early 2000s, explored benign reagents. Some organo-
metallic precursors, such as Cd(CHj), used in the earlier
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(8)

)

(10)

(11)

Murray Hill and MIT work, are toxic, pyrophoric,
expensive, and unstable at room temperature. Also,
gases such as H,Se are dangerous, as shown by the
accident that sent Brus to the hospital in 1986. Peng and
Peng” showed that Cd(CHj), could be replaced by more
benign CdO while still growing high-quality CdTe, CdSe,
and CdS NCs of different sizes with shape control, as
shown in Figure 8A.”° Peng moreover grew high-quality
InP NCs, using indium acetate (In(Ac);) and tris-
(trimethylsilyl)phosphine (P(TMS);) precursors and
octadecene as a noncoordinating solvent.”” The III-V
QDs are generally more difficult to make than II-VINCs
as they are more covalent. Today the use of benign
precursors is standard.”®””

Graded alloy interfaces and structures. Strain and
localized defect states which degrade luminescence can
occur at an abrupt CdSe/ZnS core—shell interface, due to
the 7% lattice mismatch. In 2005 Eunjoo Jang, working in
the Samsung Laboratories in Korea, discovered that an
interdiffused interface could be grown at 300 C using less
reactive ZnS precursors, compared with a more abrupt
interface §rown near 160 °C with more reactive
precursors. ° She was able to grow blue-emitting QDs
with significantly improved quantum yield; see Figure 8B.
Today the ideas of a more gradual, graded interface, and
different alloy compositions for core and shell, are widely
adopted.'”""”* Besides reducing defects and blinking, a
gradual interfacial potential step reduces nonradiative
Auger recombination.'”> Owen and his group have
explored the connection between precursor reactivity
and QD size and properties. They created an extensive
library of chalcogenourea reagents showing a wide range
of reactivities.'**

Quasi-two-dimensional colloidal platelets. CdSe nanorib-
bons with 1.4 nm thickness were reported,'” and later
Ithurria and Dubertret demonstrated a controlled growth
of two-dimensional CdSe structures termed nano-
platelets."”° The TEM image of five monolayer-thick
CdSe nanoplatelets is shown in Figure 8C. With similar
growing techniques, CdS and CdTe platelets with
thicknesses varying from one to seven monolayers have
been made.'”’” These structures have electronic properties
similar to freestanding quantum wells, with band edge
absorption showing light and heavy hole transitions, and
strong emission from the heavy hole exciton, as one can
see in Figure 8D."”” Due to enhancement of the exciton
binding energy and a giant oscillator strength, these
platelets can be especially fast luminophors.'”” More
complex core—shell,'”® core—crown,'”” and epitaxial
multishell nanoplatelets have been reported recently."'?

NC modification by cation exchange. Cd replacement by
Hg with unchanged anion lattice was observed in the
growth of CdS/HgS/CdS multishell structures.'" Later
Alivisatos and students reversibly transformed CdSe NCs
into metallic A§ZSe NCs and then back to CdSe, as shown
in Figure 8E."'"'"® This chemistry was also used to make
geometrically complex PbSe/CdSe core—shell NCs,"'* to
attach NCs to a honeycomb superlattice,'"> and to
perform doping.''®""” This chemistry is amazingly
versatile''® as described in a recent review.'"”

Inorganic ligands to increase electrical coupling between
NCs. In electrical transport of dense NC films in
prototype solar cells, LEDs, and photodetectors, good
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electrical coupling between NCs is critical.'*”'*" For this

purpose, small inorganic ligands, such as SnS, shown in
Figure 8F, have proven to be far better than the larger
organic Lewis base-type ligands required in the synthesis.
These organic capping ligands can be subsequently
exchanged for the inorganic ligands, increasing the
electrical overlap integral between NCs, and thus the
carrier mobility of the film. Recently this approach was
extended to metal-halide ligands which significantly
improve the operation characteristics of PbS NC
prototype photovoltaic cells'** and LEDs."*’

IMPORTANT CLASSES OF NCs

Practically all known inorganic semiconductors have been
prepared in NC form. We now describe several important
classes.

(1)

)

3)

(4)

Pb chalcogenides NCs. Brus'® and Nozik et al.'** made
room-temperature PbS colloids, however without precise
control of size. Borrelli and Smith'* in the Corning Glass
company reported the size dependence of PbSe and PbS
NC optical properties, measured in a glass host. Accurate
modeling requires the Kang and Wise four-band effective
mass model which takes into account the nonparabolicity
of the conduction and valence bands.'** More recently,
Murray and collaborators invented a synthesis that
controls composition, size, and shape.127 Today, con-
ductive NC films are explored in prototype solar
cells,””*'* due to the match of their absorption to the
solar spectra, and in room-temperature infrared photo-
detectors."*>"!

Silicon NCs. Both Si NCs grown near 900 °C in an
aerosol ™ ~**"3? and nanostructured porous Si films
created by HF electrochemical etching exhibit a high
photoluminescence quantum yield. This excited hope that
some form of commercially useful optical active Si might
be created. In a formal sense, spatial confinement of
carriers mixes the X and I critical points of the Brillouin
zone, creating direct (dipole allowed) band edge
transitions which are forbidden in the indirect gap bulk.
However, experiments show this mixing is extremely weak
and essentially Si remains indirect gap in NC form.**"*
More recently, hexagonal SiGe alloy nanowires have
shown a more significant direct gap character.'**

InP NCs. Micic et al.">* made InP NCs in 1994. The
synthesis was significantly improved bﬁy Peng et al., as
discussed earlier, and by Li and Reiss.'*® As InP does not
contain a toxic heavy metal, Jang and her colleagues in the
Samsung laboratories intensively developed the synthesis
of high-quality InP-based core—shell NCs as red and
green emitters in liquid crystal displays. In 2019, they
turther reported InP/ZnSe/ZnS core—double shell QDs
with nearly perfect performance when excited electrically
(rather than optically) in prototype LEDs. Synthesis
required extreme reagent purification and intermediate
HF etching of colloidal InP cores to remove oxide
impurities. This was followed by controlled ZnS growth at
340 °C and subsequent exchange of surface ligands. These
NCs could be used in commercial QD LED displays.”®
Gapless HgTe NCs. 3D confinement opens the optical
gap in HgTe NCs to near 1 eV with decreasing size. HgTe
NCs were grown in aqueous solution by Rogach et al."*’
This synthesis has been improved dramatically, allowing
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Figure 9. Carrier multiplications or impact ionization. (A) Cartoon shows this process in bulk. Optically excited electron with excess energy fiw
— E, > E, can create the second electron in the conduction band via impact ionization of the valence band. Adapted with permission from ref
166. Copyright 2013 American Chemical Society. This process is inverse to the direct Auger recombination, the process during which the
recombining electron—hole pair transfers its annihilation energy to the second electron. (B) Cartoon showing carrier multiplication in PbSe
NCs: (1) The energetic threshold of the carrier multiplication in PbSe NC which is the 2P 2P, transitions. (2 and 3) Electron (hole) in 2P, 1
states could create thrions consisting of two electrons (holes) and one hole (electron) on the lowest confined 18,;) levels correspondingly due
to strong coupling between electron and trion states described by the matrix element W = (2P, ;,)lv(r,,7,)11S,(4)1S.(1)1Sp(c))- Adapted with
permission from ref 164. Copyright 2006 American Chemical Society. The optically excited pair in (1) can thermalize to a single exciton state
shown in (4) with themalization rate y,. However, this thermalization is suppressed in NCs due to their discrete spectra resulting in phonon
bottleneck."*” The multiexciton states in (2) and (3) are thermalized with a rate 7, to the ground two electron—hole pair state shown in (5).

use of NC films as prototype infrared detectors in the
short- (1.5—2.5 ym), mid- (3—S ym), and long-wave (8—
12 pm) ranges."*® The size and shape homogeneity of
HgTe NC films is now so high that they show band
electrical transport rather than hopping transport.'*”
CsPbX; (X =1, Br, Cl) perovskite NCs. Perovskites differ
from earlier II—VI, III—V, and IX semiconductors in that
they show nearly ionic bonding. Even without surface
passivation or core—shell structure, NCs show both a high
photoluminescence quantum yield and very narrow
emission lines at room temperature. Photoluminescence
covers the entire optical range from the infrared to the far
ultraviolet, with different sizes and compositions.140 High
luminescence is caused by a short radiative lifetime and
the apparent absence of surface trap states. At room
temperature, the exciton radiative lifetime is on the order
of several ns,"*" perhaps 20 times shorter than that of
CdSe NCs. These NCs might be used in possible LEDs,
lasers, and in other electro-optical application, especially
in the difficult green and blue spectral regions.'*
However, a serious problem for practical use is the
presence of toxic Pb in a material that easily dissolves in
water.

©)

INTERMEDIATE EFFECTS AND THE MOLECULAR LIMIT

NCs represent a physical regime intermediate between
molecules and the bulk solid state. Aspects of their behavior
can sometimes be more transparent from a molecular
perspective and sometimes from a solid state perspective.
Separate chemical and physical approaches can yield the same
result, for example, the parabolic effective mass model in
momentum space is equivalent to the tight binding molecular
orbital model for band development in real space.”’ Smaller NCs
showing strong confinement with discrete energy levels are
essentially large molecules and are well understood within
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molecular chemistry. Density functional theory structural
calculations can reveal properties not shown by effective mass
models, especially with respect to surface bonding and structure.
In the strong confinement limit, the spatial patterns of the
electron and hole wave functions are determined by atomic
positions and not by their mutual Coulomb attraction. This
HOMO-LUMO state is essentially a molecular excited
electronic state. Nevertheless, it is labeled an exciton for
historical reasons. In comparison, excitons in larger NCs of
various shapes, and with crystalline interiors, have a clear
parentage in solid-state physics and can be effectively analyzed
from a band structure perspective. There has been significant
theoretical effort using a number of different approaches.'**~">*

One interesting effect in the intermediate regime is the “non-
local Coulomb” attraction between electron and hole, as
described previously. The mutual force felt by electron and
hole depends upon their exact positions within the NC, in
addition to the distance between them, as shown in Figure 3D.
Another effect is the “intermediate” confinement regime,
realized if the hole effective mass is much larger than the
electron mass. In this case, there is a range of sizes wherein the
confinement energy of the electron, E,, is much larger than the
energy of the shielded Coulomb interaction ¢*/xa, which in turn
is much larger than the hole confinement energy E,. The hole
energy spectra and selection rules are strongly modified because
the holes move in the adiabatic potential created by strongly
confined electrons.” Ekimov et al. realized all three confinement
regimes in different semiconductors:»”""'® “strong” in CdS and
CdSe NCs, “intermediate” in CdS and CuBr NCs, and “weak” in
CuCl and CuBr NCs. Today this concept is also used for
describing the optical properties of various QDs, nanowires,
nanorods, and nanoplatelets.

The 1990 Bawendi et al.*' and 1994 Nirmal et al.">* papers on
CdSe NC resonantly excited photoluminescence report an
emission vibrational structure with a small Stokes shift relative to
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the lowest exciton absorption band in Figure 2C. A zero phonon
line and a few weak longitudinal optical phonon satellites are
observed. NC luminescence colors in optical displays are vivid
because this electron-vibration coupling is not strong. In
comparison, stronger electron-vibration coupling is nearly
universal in molecular spectroscopy. Also, the photolumines-
cence lifetime at low temperatures is extremely long—on the
order of 1000 ns. This results from the electronic fine structure
of the degenerate band-edge exciton, consisting of optically
allowed and optically forbidden states with a splitting on the
order of kT at room temperature. Similarly, in molecular
spectroscopy, degenerate (either spin or orbital) electronic
states often show fine structure. This result led to further
development of the dark/bright exciton model in NCs,">*~"*°
and somewhat later in nanowires, nanorods, and nanoplatelets.

In 1987, Schmitt-Rink and Chemla modeled potential
applications involving optical nonlinear spectroscopy and
lineshapes in NCs.">” They demonstrated that a photoexcited
electron—hole pair has a reduced interaction with polar optical
phonons due to the almost complete compensation of electron
and hole charge distributions at each point in a spherical NCs,
despite of the fact that the polar phonon interaction with
individual carriers can be significant in a small NC (see Figure
6D). This reduced coupling was observed in the CdSe
photoluminescence experiments described above. This effect
is analogous to the near cancelation of static dielectric
polarization fields in a neutral exciton, as described earlier.

The observation of very efficient Auger recombination'>* and
photostimulated Auger ionization'*” in NCs was unexpected. In
the latter phenomenon, a photoexcited electron—hole pair
transfers its energy to a pre-existing extra carrier. The NC ionizes
and photoluminescence is quenched. Such Auger processes are
suppressed in bulk wide gap semiconductors like CdSe or
CdS.'® Both NC phenomena were discovered in the study of
the CdS QD photoluminescence intensity in glass. The
dependence of the degradation rate on the intensity and
frequency of the exciting light demonstrated Auger stimulated
ionization, where two electron—hole pairs were excited
simultaneously, along with the complete quenching of photo-
luminescence. This phenomenon can also cause intermittency of
luminescence intensity (“blinking”), in single QDs under
continuous irradiation, as shown in Figure 7B.% In single
molecules blinking, due to either photoionization or population
trapping in a long-lived metastable excited state, also occurs
commonly. Today, efficient nonradiative Auger recombination
is recognized as the primary reason for the progressive decrease
in photoluminescence quantum efficiency in prototype LEDs
and for the increase in the stimulated emission threshold in
prototype lasers based on quantum well structures. Studies of
the size dependence of Auger recombination rate have been
reported and reviewed.'*"'°

Carrier multiplication or impact ionization—the creation of
two electrons and one hole from one high energy electron—is
inverse to the Auger process (see Figure 9A). Carrier
multiplication could increase the efficiency of NC based solar
cells, because the extra energy of a hot photoexcited electron
could create a second electron—hole pair instead of heating the
sample. As discussed above it was shown theoretically and
experimentally that the rate of direct Auger processes, during
which two electrons and one hole create one excited electron, is
strongly enhanced in NCs. Arthur Nozik suggested that the
inverse Auger process should also be enhanced because both are
controlled by the same transition matrix element'®’ related to
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the multielectron Coulomb interaction v(ry,r,). In addition,
carrier thermalization is suppressed due to the discrete character
of QD quantum levels creating a partial phonon bottleneck. In
PbSe QDs (see Figure 9B), this transition takes place between
the I2P, ) electron(hole) level and the 11S,,)1S,(4)1Sp.)) two
electron (hole) and one hole(electron) trion state, in which the
degenerate 1S electrons (holes) have opposite spins and is
written as (2P, )lv(r,r,)11S,(4) 1S 1Sh(e)).'** In this con-
nection, stochastic Fermi golden rule calculations show that the
carrier multiplication rate is strongly influenced by the density of
final states as well as the matrix element.'®>™'®” Carrier
multiplication was observed in the bleach of band edge
absorption of PbSe QDs by Schaller and Klimov.'*® It has also
been reported in other QDs, and extra carriers created by a single
photon have been directly observed in the electrical transport of
prototype solar cells.'®® However, to date, the reported overall
increases in prototype QD solar cell efficiencies from carrier
multiplication have been small.'*” At a fundamental level, strong
carrier multiplication and exciton binding are both consequen-
ces of increased electron—electron repulsion and correlation in
nanostructures, as compared with bulk 3D solids.'”’

As previously discussed, a small dielectric constant in the
surrounding media increases the strength of the electron—hole
Coulomb interaction resulting in large exciton binding energies,
up to 0.4 eV, in nanorods, nanowires, and nanoplate-
lets.””'7' 773 At optical frequencies, the difference between
the dielectric constants of a nanostructure and the surrounding
media also creates dielectric confinement, similar to that
described for static electric fields described earlier. This
confinement can strongly influence optical absorption and
polarization properties. For larger nanostructures, the strength
of external light coupling to internal excitons depends strongly
on the electromagnetic field direction relative the nanostructure
surface. If the electric field of an external photon is parallel to the
nanostructure surface, its magnitude inside the nanostructure is
unchanged. However, if the field is perpendicular, then its
magnitude inside is reduced by a ratio of the external to internal
dielectric constants. When this occurs, optical polarization in the
nanostructure coherently reacts back upon the nearby external
optical field, creating regions (hot spots) of higher and lower
intensity. This phenomenon leads to 1polarization memory
effects in anisotropic nanostructures'*'”* and to the SERS
enhanced Raman effect in Ag metallic nanostructures. On
macroscopic surfaces, these effects create refraction and
reflection of incident light beams. In comparison, individual
molecules typically are within the point dipole limit in their
coupling to an optical field, and thus dielectric confinement does
not occur.

In 1962, Rashba'”® predicted that coherent motion of weakly
bound excitons in a bulk 3D semiconductor could create a giant
oscillator strength state, with drastic shorting of the observed
lifetime. In bulk, this phenomenon has been observed for
excitons bound to shallow impurities and was also observed in
CuCl NCs that show a radiative decay time ~100 ps at helium
temperature.'”” More recently, coherent shortening of the
radiative decay time has also been observed in large perovskite
CsPbX; NCs.'”®

INTO THE FUTURE

NC research and development continues with strong
momentum. This is a true interdisciplinary field, at the mutual
junction of chemistry, physics, and materials science. One might
say that the development of NC materials science over the last
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20 years resembles the development of bulk semiconductor
technology in the mid-20th century. Today hundreds of
scientists and engineers are working on improved NC designs,
synthesis, and prototype devices.

The field is not yet mature. Just 5 years ago, the lead halide
perovskite QDs were discovered. They show ease of synthesis,
especially strong luminescence, an optically active lowest fine
structure component, an apparent absence of surface states, and
very high two-photon cross sections. If the issue of toxic Pb can
be controlled, then these outstanding properties may have
commercial application.

Our review documents how improved chemical synthesis has
driven much of the progress of the last 20 years. Synthesis and
encapsulation will remain critically important. NC nucleation
and surface growth need to be understood at the molecular level.
The NC field will prosper and will evolve in unexpected
directions, when essentially ideal inexpensive NCs of all types of
designed structure are widely available. This is an opportunity
for the chemistry community.

As previously mentioned, nearly ideal core—double shell InP
NCs for electroluminescence were reported in 2019. A
systematic and persistent synthetic effort has also created nearly
perfect photoluminescence properties in CdSe-based core—shell
NCs, with quantum yields of 80—95% at room temperature.'””
The use of II-VI alloy compositions has lowered the Cd content
in some structures to an acceptable level for commercial use.
CdSe-based QDs are used in some TVs and displays, in addition
to the InP QDs pioneered by Samsung. Within the past 2 years,
Osram has begun to use CdSe-based luminescing QDs in GaN
LED chips for area (i.e., ceiling) lighting, creating white light of
variable designed properties.

It is notoriously difficult to make predictions about future
technology. Our crystal ball is cloudy. Nevertheless, we offer a
few thoughts: The invention of the blue GaN LED for solid-state
lighting was epochal, improving the quality of life worldwide.
The combination of this LED with luminescing QDs (excited by
down conversion of blue light) is a powerful technology. Such
devices are energy eflicient and inexpensive and can be designed
to emit either pure colors or broad band white light of various
hues. They work well both on a macroscopic scale, as in the
Osram area lighting white LEDs, and on a microscopic scale, as
in micro-LEDs which emit pure colors as single pixels in
displays.'®® The use of these devices is likely to continue
expanding. It is always difficult to replace an existing mature
technology, but this seems to be happening in displays and
possibly lighting.

A huge effort has and is being invested in creating solution
processable and flexible NC-based electronic materials, which
hopefully would be inexpensive and commercially useful.
Controlled colloidal NC assemblies and materials for flexible
electronics,'®" quantum information science,'* optically
pumped lasers,'® and many other possibilities mentioned in
the text are all being pursued. These are discussed more deeply
in the references. Their success depends largely on continued
chemical progress in NC quality and assembly processing. These
technological developments have shown significant progress in
the past decade.
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VOCABULARY

Exciton, electron—hole pair bound by the Coulomb attraction;
semiconductor, extended solid with a nonconductive gap in the
band structure; nanocrystal, a large molecule in which the core
atoms exhibit the crystal structure of the corresponding bulk
compound; quantum size effect, energy increase of an electrical
carrier due to confinement in a small crystal volume; quantum
dot, nanocrystal characterized by a 3D confinement potential for
carriers resulting in a discrete energy spectrum; light-emitting
diode, a device which emits light as a result of recombination of
electrons and holes electrically injected in two separate contacts
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