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Excitons in nanoscale systems

Nanoscale systems are forecast to be a means of integrating desirable attributes of molecular and
bulk regimes into easily processed materials. Notable examples include plastic light-emitting devices
and organic solar cells, the operation of which hinge on the formation of electronic excited states,
excitons, in complex nanostructured materials. The spectroscopy of nanoscale materials reveals
details of their collective excited states, characterized by atoms or molecules working together to
capture and redistribute excitation. What is special about excitons in nanometre-sized materials? Here
we present a cross-disciplinary review of the essential characteristics of excitons in nanoscience.
Topics covered include confinement effects, localization versus delocalization, exciton binding energy,

exchange interactions and exciton fine structure, exciton-vibration coupling and dynamics of excitons.

Important examples are presented in a commentary that overviews the present understanding

of excitons in quantum dots, conjugated polymers, carbon nanotubes and photosynthetic light-

harvesting antenna complexes.
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An exciting aspect of nanoscience is that relationships
between structure and electronic properties are
being revealed through a combination of synthesis,
structural characterization, chemical physics and
theory. Spectroscopy is a tool that is sensitive to
aspects of the electronic structure of materials. As
such, spectroscopic studies of nanoscale systems
often provide insights into the collective absorption
and redistribution of excitation energy. This vibrant
field is the study of excitons in nanoscale systems.
These electronic excitations differ from excitons

in bulk materials, and represent a distinct class of
exciton that can be thought of either as a confined
bulk-type exciton or a molecular excitation. In this
review for the non-specialist, our aim is to capture
the essence of the field and highlight areas of current
interest. For the expert, we aim to provoke cross-
disciplinary discussion and emphasize some of the
challenges at the leading edge of the field. Overall we
aim to identify and discuss characteristic features of
excitons in materials with nanometre-size dimensions

or organization. Part of our emphasis is to highlight
topics at the forefront of the field, and to suggest
questions that should be asked in future work.
Excitons can be formed by association of
electrical charge units (free carriers) or by direct
photoexcitation. The exciton luminescence that can
follow this charge association underlies organic light-
emitting diode technologies'. Conversely, excitons that
are formed readily by photoexcitation can dissociate
into free carriers (unbound electrons and holes) and
thus play a central role in photovoltaic and solar
cell devices. Excitons that remain bound and emit
light can be used as laser media®. These observations
help to illustrate the concept of excitons compared
with free carriers in bulk materials*. Photoexcitation
creates an electron in the conduction band, leaving a
‘hol¢’ in the valence band. If the interaction between
the electron and hole is assumed to be negligible—
justified when each wavefunction is spread over an
expanse of atoms—then the pair are free carriers. On
the other hand, an attractive coulombic interaction
between the electron and hole ‘quasi-particles’ binds
them into an exciton. A distinguishing feature of
excitons is that the spatial extent of an electronic
excited state is increased through coherent sharing of
the excitation among subunits of the material. That
characteristic is determined by electronic coupling
among the repeat units that make up the material®®.
Excitons in nanoscale systems are formed by
light absorption in molecules such as polyacenes
and polyenes, conjugated polymers, quantum dots,
molecular aggregates, carbon nanotubes and so on.
The new aspect of excitons that is prevalent in, or
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even defines, nanoscience is that the physical size and
shape of the material strongly influences the nature
and dynamics of the electronic excitation. Therefore, a
deciding property of excitons in nanoscale systems is
that the exciton size is dictated not by the electron-hole
Coulomb interaction, but by the physical dimensions
of the material or the arrangement of distinct

building blocks. That interests the chemist because
excitons can be engineered in a material according

to structure. It is of interest to physicists because the
spatial confinement of the exciton accentuates many

of its interesting physical properties, exposing them

for examination. The theorist may conclude that
perhaps we should not try to force-fit existing theories
to model excitations in nanostructures as they often
carry with them assumptions that we have forgotten,
or that we erroneously ignore. Nanoscale materials
thus provide both a testbed and an inspiration for new
quantum mechanical approaches to the calculation

of electronic properties of large systems. Through the
study of excitons in nanoscale systems we are learning
some general rules defining how size and shape tunes
electronic structure and dynamics. In Fig. 1 a summary
of excitons in bulk materials (adapted from ref. 6) is
extended to indicate how excitons in nanoscale systems

differ. An overview and introduction to elements of
excitons in nanoscale systems is given in Box 1.

A challenge in this field is that the materials
under investigation are often complex; they contain
many atoms, they can be structurally disordered
or influenced by surface effects, and samples often
have an inhomogeneous composition in terms of
structural disorder and size polydispersity. We
attempt below to provide some insights into how
such hurdles have been overcome. Questions being
addressed include: can the properties of confined
excitons be used to change the way that solar cells
or lasers operate? How should we transfer the
language of solid-state physics to organic systems’,
and vice versa?

A unifying theme in nanoscience is that size and
shape are important. How best can we understand
and compare nanomaterials and the implications
of size-tunable properties for excitons? A powerful
approach is to combine experiment and theory.
However, owing to the intermediate length scales
characteristic of many nanomaterials, unique
challenges for theory are presented. For example,
the huge number of electrons presents difficulties
for molecular-type electronic structure calculations,

Box 1: Anintroducti L |

1. Bands and molecular orbitals for extended systems
Periodic, strongly coupled molecular or atomic
systems are characterized by a high density of
delocalized orbitals that form the valence (VB)
and conduction (CB) bands. Those bands can be
represented in real space as shown on the left side
of the diagram, or equivalently, the energy of each
band can be plotted against its wave vector k, as in
the right schematic. Excitation of an electron from
VB to CB creates free carriers. The minimum
energy required is that of the bandgap, E,.

2. Excitons in extended systems: bound electron-hole pairs
The language that describes the features of the
quasi-particle approach is nicely intuitive. An
exciton in a spatially entended system is described
as a neutral excitation particle: an electron-hole
pair. In an exciton the electron and hole are bound
by the electron-hole Coulomb interaction. In the
chemist’s electron—electron language, the ‘attraction’
derives from decreased electron-electron repulsion
integrals in the excited state configuration compared
with the ground state, thus lowering the energy

of that configuration relative to the continuum by
the exciton binding energy, E, = E, - E,. Related
electron-hole exchange interactions mix the
Hartree—Fock (single particle) configurations, so
that the exciton states are finally obtained through

a configuration interaction (CI-singles) calculation.
Correct spin eigenstates can only be obtained

by antisymmetrizing wavefunctions and mixing
configurations through exchange interactions.

Photoconduction band

Exciton bands‘

&

Ground state -
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Box 1: Continued

3. Molecular orbital picture for confined systems
Occupied (in the ground state) and virtual
molecular orbitals for a series of polyacenes. As the
conjugation size increases, the bandgap decreases
and the density of states increases. These quantum
size effects derive from changes in electron-
electron interactions that are proportional to
molecular orbital wavefunction delocalization. A
single-excitation configuration is constructed by
excitation of an electron from an occupied to a
virtual orbital. That configuration is delocalized
over the extent of the molecule. However, to be
consistent with the definition of an exciton in an
extended system, the change in electron-electron
interactions after excitation needs to be considered
to describe the exciton. The single-excitation
configurations are mixed by exchange interactions
so that each excited state — exciton state — is

a linear combination of the single-excitation
configurations. A manifold of singlet and triplet
excitons are thus obtained.

4. Spectroscopy of molecular excitons

Absorption spectra of a series of naphthyl dimer
molecules'” compared with a monomeric model
chromophore (dashed line). The dimer spectra
consist of two bands, with a splitting equal to the
electronic coupling H, , between the naphthyl
groups on the left (L) and right (R), indicating
that the excitation is shared between the two
chromophores: a molecular exciton. A schematic
diagram of the relative energies and wavefunctions
of the napthyl moieties compared to the dimer is
given below. The redshift of the centre of gravity of
the exciton bands is due to orbital mixing effects.
These interactions induce the electron and hole to
delocalize over the subunits. Model dimers such

as shown here allow for detailed examination of
interchromophore interactions, including realistic
treatment of solvation"'®. (Spectra reprinted

with permission from ref. 117. Copyright (1993)
American Chemical Society).

which scale steeply with the number of electrons,
yet the importance of atomic-scale details needs
to be captured. Great progress has been made

in solving such problems, as has been reviewed
elsewhere'*. In this review we will cover four
broad topics of importance in the spectroscopy

of excitons in nanoscale systems. To illustrate the
ways in which excitons in nanoscale systems are
unique or interesting, and to formulate some general
observations that may stimulate cross-disciplinary
discussion, we will describe examples pertaining
to quantum dots, conjugated polymers, carbon
nanotubes and photosynthetic light-harvesting
antenna complexes within each of these subject
areas. We begin by providing some background on
each material.
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OVERVIEW OF THE MATERIALS
PHOTOSYNTHETIC LIGHT-HARVESTING COMPLEXES

Proteins organized in the photosynthetic membranes
of higher plants, photosynthetic bacteria and algae
accomplish the capture of incident photons (light-
harvesting), subsequent spatial redistribution of

that excitation energy, and the ultimate trapping

of the energy via photo-induced electron transfer,
with remarkably high efficiencies'. Suspensions of
surfactant-isolated light-harvesting complexes (known
as LH2) from purple bacteria provide a good example.
They show two absorption bands (Fig. 2), attributed
to two distinct arrangements of bacteriochlorophyll-a
(Bchl) molecules. The B800 absorption band is due to
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Figure 1 Excitons in nanoscale systems. The diagram
relates the Wannier and Frenkel exciton models and sketches the
basis for describing excitons. The description may proceed from
delocalized bands, wherein the electron and hole may move freely
throughout the material. Such a model can be used to model
excitons in crystalline materials with high dielectric constant,
such that electron—hole Coulomb interactions are small compared
with the bandgap of the material. One may also develop a model
starting from a localized basis set. The tight-binding model is

an example of this approach. In their usual implementation,

either approach contains approximations or limitations that
restrict its application. A general exciton model overcomes

such limitations, and contains all the key features necessary to
describe the excited states of a molecule as well as an infinite
system. Nanoscale excitons can be described starting from the
point of view of either a delocalized or a localized excitation. In a
delocalized representation of the problem, nanoscale excitons are
subject to quantum confinement, and their spectroscopy becomes
richer. With respect to a model based on localized functions,
nanoscale materials can sustain more delocalized excitations.
The Frenkel model uses the point of view, particularly useful for
molecular aggregates, that the wavefunction is separable into
distinct electron groups tightly associated with each repeat unit.
Such an approach is applied to molecular excitons, such as a
photosynthetic excitons or J-aggregates.

a ring of essentially non-interacting Bchl molecules
(nearest-neighbour electronic coupling ~30 cm™). The
B850 band, however, is the absorption into the optically
bright exciton states characteristic of the ring of
strongly interacting Bchl molecules (nearest-neighbour
electronic coupling ~300 cm™). Here is an example of
electronic coupling among molecules that creates a new
chromophore: a Frenkel exciton. The excitons that are
of interest in these systems include Frenkel excitons,
but are primarily weakly coupled localized excitations'.

Relatively weak electronic coupling amongst the many
hundreds of chromophores that are bound in light-
harvesting proteins enables the excitation energy to

be funnelled efficiently through space to reaction
centre proteins'®.

In Fig. 2 a simple light-harvesting antenna
protein, PE545, is shown together with a sketch of
the organization of the photosynthetic membrane of
a type of cryptophyte algae'”. Each PE545 antenna
protein binds eight chromophores, as seen in the
structural model. Such model systems, where we
know the precise arrangement of light-absorbing
molecules, have provided superb model systems
for learning about molecular excitons (also known
as Frenkel excitons; see Fig. 1) and electronic
(resonance) energy transfer. Electronic energy transfer
allows excitation energy absorbed by an antenna
protein to migrate rapidly (over a few picoseconds)
to the peripheral chromophores, circled in the
figure, then transfer into the core antenna of one of
the membrane-bound photosystems, PST or PS II
(50-100 ps). In most organisms the antenna protein
is also membrane-bound. The funnelling of excitation
energy to the photosynthetic reaction centres involves
many tens of hops, occurring on timescales of
100 fs to 100 ps. These fast, light-initiated processes
occurring in proteins isolated from photosynthetic
organisms have been studied in great detail over
the past years'". It has become evident that the
organization of light-absorbing molecules (usually
chlorophylls and carotenoids) on the nanometre
length scale provides important—sometimes subtle
and ingenious—optimizations that control light
capture and funnelling'®.

CONJUGATED POLYMERS

Conjugated polymers are highly conjugated linear
macromolecules that are of great current interest
because of their semiconductor-like properties
and ease of processing. Excitons in conjugated
polymers such as functionalized poly(phenylene
vinylene) (for example MEH-PPV, poly|[2-
methoxy-5-(2"-ethyl)hexyloxy-1,4-phenylene
vinylene]) and alkyl polyfluorenes have been
intensively studied from both experimental

and theoretical viewpoints to understand their
nature and dynamics. Two basic types of exciton
have been identified: intrachain and interchain.
The former are formed by the extended n-
conjugation along sections of the polymer
backbone. Interchain excitons form when two
chain segments couple through space, either
because the chains are near to each other in a solid
film, or because the chain is folded back on itself.
Thus optical properties depend strongly on the
aggregation state of the polymer. Details can be
found in recent reviews'*-%,

Conjugated polymer excitons play important
roles in electroluminescent and photovoltaic devices,
and some intriguing properties relevant to device
optimization have been reported. For example, the
observation of wavelength-dependent photocurrent
generation in MEH-PPV was explained by analysis
of quantum chemical calculations that revealed
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significant changes in mixing of configuration
wavefunctions of the polymer?. That is, the electronic
make-up of higher-energy excitons differs from
excitons at the optical gap in such a way that mixing
with extended charge-separated states is increased. A
challenge now is to elucidate a microscopic picture
that explains observations of interfacial excitons in
heterojunction polymer blends*. Evidence suggests
that such excitons can reversibly dissociate into

an exciplex (an excited-state hetero-complex)®,

in which the electron and hole become spatially
separated. In that case the Frenkel exciton model
breaks down because in the excited state electron
density is transferred from one molecule to the other.
Dissociation of an exciplex produces geminate ion
pairs that might play important intermediate roles in
electron-hole dissociation or capture processes®.

SEMICONDUCTING SINGLE-WALL CARBON NANOTUBES

The spectroscopy of semiconducting carbon
nanotubes (CNTs)* has been of great interest

in the last few years. CNTs are formed in a great
variety of sizes and types, and typically aggregate
into macroscopic bundles. Until recently, the
accepted description of their electronic states and
spectroscopy was a simple model that neglected
interactions between electrons. However, that
viewpoint changed as a result of the report of
bandgap fluorescence for CN'Ts*, made possible
by surfactant isolation of individual tubes or small
bundles of tubes, thus providing samples without
large bundles and ropes in which fluorescence

is quenched. Although it was not immediately
recognized, that observation provided clear evidence
for excitons in CNTs, supporting the earlier
predictions of Ando®.

Not surprisingly, the key advance underpinning
the observation of CNT exciton fluorescence was
material preparation. Nonetheless, optical spectra
are highly inhomogeneously broadened, as shown in
Fig. 3, by a sum of contributions from a series of CNT
macromolecules. A plot of excitation energy versus
fluorescence emission, Fig. 3b reveals distinct peaks
corresponding to a series of individual tube types®,
which in combination with simple theory has allowed
assignment of the spectral features to the various
chemical types and sizes of CNTs. Nanotube types
are designated by the chiral index (n,m), according
to how the parent graphene sheet is rolled up to form
a tube®. The fluorescence data® made it possible to
assign the optical transitions and elucidate their size-
evolution. An interesting observation from inspection
of the fluorescence spectra is that spectral linewidths
are narrow, being ~30 meV at room temperature®;
this is probably a result of exchange narrowing®,
whereby the linewidth is reduced because the
delocalized exciton states average over disorder in the
site energies of primitive cells.

SEMICONDUCTOR QUANTUM DOTS
Semiconductor quantum dots (QDs), or nanocrystals,

are nanometre-sized crystallites that can be prepared
with great tunability of size and shape through
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Figure 2 Frenkel excitons in photesynthesis. Left, the structure of a simple light-harvesting
protein PE545 isolated from a marine cryptophyte algae. It binds eight light-absorbing molecules
(blue). A cascade of electronic energy transfer steps equilibrates excitation, over timescales of tens

of femtoseconds to a few tens of picoseconds, to the periphery of the protein, onto the encircled
chromophores'”. Ultimately that excitation is transferred into core antenna complexes associated with
the reaction centres, photosystems | and Il (PS | and PS Il), organized in the thylakoid membrane as
indicated schematically. (Bottom left image adapted from C. D. de Witt et al., submitted to J. Phys.
Chem B.)PE545, unlike the peripheral light-harvesting complexes of higher plants (LHC-Il) or purple
bacteria (LH2), is not membrane-bound. Right, the light-harvesting antenna of purple bacteria, LH2,

is an example of a system whose spectroscopy is characteristic of a molecular exciton. The structural
model shown at the top emphasizes the a-helices serving as a scaffold binding the light-absorbing
molecules. These molecules are shown in the simplified structural model below, indicating the

B850 ring (red), B80O ring (yellow) and cartenoids (blue). The absorption spectrum clearly shows

the marked distinction between the B800 absorption band, arising from essentially ‘monomeric’
bacteriochlorophyll-a (Bchl) molecules, and the redshifted B850 band that is attributed to the optically
bright lower exciton states of the 18 electronically coupled Bchl molecules.

colloidal routes*, Self-assembled QDs can be formed
spontaneously in a semiconductor heterostructure
grown using molecular beam epitaxy***. Typically,
self-assembled QDs are lens-shaped, having a diameter
of tens of nanometres and a height of a few nanometres,
whereas colloidal QDs are usually spherical with radii
of 1 to 4 nm and contain around 200 to thousands

of atoms. The most common materials studied with
respect to excitons include CuCl, CdSe, CdS, CdTe, InP,
PbSe and PbS. In the early 1980s it was predicted that
QDs should possess discrete electronic energy levels,
more like molecules than bulk semiconductors*-*2.
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Figure 3 Excitons in single-
wall carbon nanotubes.

a, The absorption spectrum

of an aqueous suspension of
CNTs made by high-pressure
CO conversion (HiPco),
showing inhomogeneous

line broadening. A single-

wall CNT structural model

is inset. b, CNT size and
‘wrapping’ determine the
exciton energies. Samples
contain many different kinds
of tubes, as evident from the
absorption spectrum. However,
by scanning excitation
wavelengths and recording

a map of fluorescence
spectra®, the emission bands
from various different CNTs
can be discerned (see text).
Assignments of the major
emission peaks for this sample
are indicated (T. McDonald, M.
Heben & M. Jones, unpublished
work; cf. ref. 32). ¢, The index
(n,m) is used to define the
vector G, = na, + ma,, which
in turn determines the direction
that the graphene sheet is
rolled to form a particular CNT.
The sheet is rolled so that a
particular lattice point (n,m) is
superimposed with (0,0).
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That idea was confirmed through an accumulation of
experimental work®. QDs are clearly differentiated
from molecules in that many properties have analogues
in those of bulk semiconductors, spin-orbit coupling
can be significant, and they have large dielectric
constants. An important consideration in deciding
confinement of the exciton to the QD, in particular the
size of the wavefunction compared to that of the QD,

is the dielectric medium surrounding the QD***. In
the coming years, shape-dependent photophysics of
QD excitons will be topical, driven by recent synthetic
breakthroughs*. Electron micrograph images of a
range of CdSe QD shapes are shown in Fig. 4c—f.
Nanoscale ‘exciton engineering’ — epiaxial growth

of one semiconductor over another — opens further
possibilities for improving surface passivation, changing
excited state dynamics of the exciton, or manipulating
wavefunctions, thereby increasing the diversity of
exciton photophysics that can be examined™.

SIZE-TUNABLE SPECTROSCOPY AND EXCITONS

What are the unique aspects of excitons in
nanometre-sized materials? Certainly the
prevalence of size-dependent properties is notable.
A myriad of electronic properties are governed by
size, including the bandgap, the exciton binding

energy, and the exchange interactions. These
quantities determine the spectroscopic states

of the material and its (photo-)electrochemical
properties. The goal of this section is to establish
the spectroscopic signatures of excitons in
nanoscale systems and to suggest notable aspects
of their spectroscopy.

Size-tunable spectroscopic properties have been
of great interest for over half a century®, although
recent interest has centred on QDs. The Bohr radius
of a semiconductor exciton provides a reference as to
the exciton size in the bulk. Size-tuning of properties
in QDs is attributed to confinement of the exciton
in a nanocrystal significantly smaller than the bulk
exciton. For example, the exciton Bohr radius of PbS
is ~20 nm and its bulk bandgap is 0.41 eV. Absorption
spectra for PbS QDs* of radii ranging from ~1.3 to
~3.5 nm are shown in Fig. 5, revealing QD exciton
energies in the range 0.7 to 1.5 eV.

The spectroscopic properties of molecular
materials that scale in size can be elucidated in
great detail, thus providing a foundation for a
deeper understanding of spectroscopic measures
of excitons in nanoscale materials. The size
dependence of exciton transition energies for a
range of organic®®* and QD*-* materials is plotted
in Fig. 5. Measurement of the exciton energy does
not directly reveal information that allows us
to learn generally about excitons by comparing
different materials. For example, size-tunable optical
properties derive primarily from the bandgap, not
the exciton. The bandgap is the energy difference
between occupied and unoccupied orbitals. That
provides only a starting point for establishing the
excitation energy because, first, the electronic
excited-state wavefunction is not accurately written
as a one-electron excitation between these orbitals.
For example, to develop a theory for calculating
electronic spectra Pariser and Parr®® decided that
a method involving antisymmetrized product
wavefunctions and configuration interaction was
essential. Second, the interactions between electrons
in the excited state differ from those for ground-state
configurations. There is lower repulsion between
electrons in an excited state than in a closed-shell
ground state because a pair of electrons can occupy
different orbitals. That decreased electron—electron
repulsion gives the exciton binding energy. In
addition, an associated quantum mechanical effect
arises, known as the exchange interaction. Both of
these effects are intimately tied to the size of the
exciton because that parameter dictates the average
electron—-electron separation.

The exchange interaction plays a central role in
determining the ordering of electronic spin states
in any material. An exchange interaction raises the
energy of each singlet state and lowers the energy of
the three corresponding triplet spin eigenstates. Such
a distinction between singlet and multiplet states
is a traditional backbone to atomic and molecular
spectroscopy. Similarly, the exchange interaction
mixes the single-excitation configurations in a QD,
evident as a splitting between the bright and dark
exciton states at the band edge**"** (Fig. 6). QDs with
wurtzite structure are complicated by crystal field
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effects, otherwise the exciton fine structure splitting is
determined by the same kind of exchange interaction
that splits singlet and triplet states of molecules. As
an exciton is spatially compressed by confinement,
exchange interactions are increased, as evidenced by
larger singlet-triplet splitting. The distinct manifold
of states provides an opportunity in spectroscopy to
learn about the excited states and electronic structure
of nanoscale systems. The challenge, however, for
materials such as QDs is that the spectrum is obscured
by inhomogeneous line broadening, so specialized
techniques are required to probe these states.

The singlet-triplet splittings for the conjugated
oligomers>-*¢ are closely comparable to those for the
aromatic® molecule and polyene series®. The long-
range character of the exchange interaction is evident
in the attenuation of the exchange interaction in
the polyenes, polyacenes and conjugated oligomers
plotted in Fig. 6. If only one-centre exchange
integrals contributed to the singlet-triplet splitting,
it would diminish as the inverse of the length L of
these quasi-one-dimensional excitons (that is the
approximation often used for solid state materials).
It turns out that the splitting falls off approximately
as L' for each of these materials, which is a result of
long-range exchange interactions, clearly significant
over 3 nm. The polyacenes and conjugated oligomers
are ‘less linear’ than the polyenes: in other words
the exciton is about twice as wide (compare the
chemical structures). That extra width is manifest in
the delocalization of the exciton, through molecular
orbital coefficients, hence reducing the magnitude
of the exchange interaction for any length by
approximately a factor of two compared with the
corresponding polyene. One can see, therefore, how
the exchange interaction (singlet-triplet splitting)
is a good measure of exciton size, regardless of the
chemical structure of a material. It is in that way
that one should think about the CNT data® plotted
in Fig. 6. The exciton is very long, but an increase in
CNT diameter further delocalizes the exciton around
the tube, reducing the exchange interaction.

We see that nanoscale materials provide a
fascinating intermediate ground between molecular
and bulk materials. Interesting spectroscopic
properties of excitons, which are often minuscule in
bulk materials, are greatly accentuated in nanometre-
sized materials and molecules. For example, the
electron-hole exchange interaction is of the order of
millielectronvolts in bulk semiconductor materials,
but is increased 1,000-fold in QDs*"**-%>, That is
still several hundred times smaller than exchange
interactions in organic materials that are <10 nm in
size (Fig. 6). However, once an exciton in an organic
material is as large as that in a CN'T, the exchange
interaction is reduced to tens of millielectronvolts.

As yet, a number of aspects of the photophysics
of CNTs have not been satisfactorily resolved. For
example, the reasons underlying the low quantum
yield (~10™*) and the fluorescence decay behaviour
(~10-200 ps) of the band edge exciton in CNTs
are unclear®, but a closely located triplet state is
considered to be a possible contributor. The singlet-
triplet splitting for the CNTs is calculated to be of the
order of 10 to 40 meV, and is predicted®, according
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Figure 4 Colloidal CdSe quantum dots. a, An absorption spectrum recorded at 4 K of CdSe QDs
with 4.0 nm mean diameter. Hole and electron states associated with excitons seen as the prominent
absorption features are labelled according to the assignments of ref. 42. That notation® specifies a
hole or electron state as n*(/, / + 2)F, where n* labels ground and excited states, /is the minimum
orbital quantum number and F = /+ jis the total angular momentum quantum number (orbital plus
spin), containing F, from —F to +F. Usually just the major contributor out of /or /+ 2, or alternatively
just / is written as S, P, D and so on. That quantum number is associated with the envelope function,
usually modelled mathematically as a spherical Bessel function j(x). The quantum number jis
associated with the Bloch function. For example, the upper valence band of a zinc blende structure

has j=3/2 and j,=-3/2,-1/2,1/2, 3/2. b, A structural model of a small, idealized wurtzite nanorod
with some crystallographic planes and the direction of the c-axis indicated. e, A high-resolution
transmission electron micrograph of an individual CdSe wurtzite nanorod, looking down the nanocrystal
c-axis. Scale bar corresponds to 5.2 nm. Reprinted from ref. 119. Copyright (2006), with permission
from Elsevier. d, A scanning-mode electron micrograph of CdSe nanorods. Scale bar corresponds

to 50 nm. e, By varying growth conditions a myriad of other shapes can be produced by selective
growth of different crystal faces. The scale bars each correspond to 20 nm. Note that the ends of each
rod are not identical, as there is no centre of inversion or reflection symmetry in a plane normal to the ¢
axis of the crystal, so asymmetric rods like the bullet-shaped colloids seen in f can be grown (P. S. Nair,
K. P. Fritz & G. D. Scholes, unpublished data).

to calculations based on a tight-binding Hamiltonian,
to depend on the inverse of the tube diameter, as
shown in Fig. 6. Considering the trend for the other
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Figure 5 Size dependence of exciton transition energies. Log—log plots of excitation energy
versus confinement length (dimension) of the ground and first excited states. For CNTSs, the confinement
dimension is taken to be the tube diameter. For the other organic materials it is the approximate
conjugation length from end to end. a, Organic materials. Squares show data for the series of aromatic
molecules* naphthalene, anthracene, naphthacene, pentacene and hexacene. Triangles indicate data
for some oligomers that serve as models for conjugated polymers: methyl-substituted ladder-type
poly(p-phenylene) (MeLPPP), poly(2,7-(9,9-bis(2-ethylhexyl)fluorene)) (PF2/6)**%, oligofluorenes®® and
oligothiophenes®. Data were typically recorded for samples at 80 K. The filled circles show CNT data
recorded at ambient temperature®. b, Size-tuning of excitation energies for various QD materials: Ge*,
calculated using ab initio density functional theory using ASCF, CdSe, CdS and CdTe (ref. 48), measured
at 250 K, PbS (ref. 46), measured at 293 K, and InP (refs 47,61) measured at 10 K. ¢, The size-scaling

of conjugated molecules, for example phenylenevinylene (PV) oligomers'®, derives from size-limited
delocalization of the molecular orbitals. Absorption and fluorescence spectra are shown as a function of
the number of PV repeat units. d, In semiconductor QDs, the small size of the nanocrystal compared with
the exciton in the bulk material confines the exciton. A result is size-dependent optical properties, as
shown for the absorption spectra of PbS quantum dots*.

organic materials, long-range exchange interactions
may modify that predicted size-dependence and
magnitude. Experimental observation of this splitting
seems to be an important next step.

The basic size-scaling of the dark state/bright
state splitting for the range of QDs follows a similar
trend to that seen for the organic materials, but the
magnitudes of the splitting are substantially smaller.
The main reason for that is that the high dielectric
constant of QDs attenuates the long-range electron—
electron repulsion compared with these organic
materials. It is striking that the exchange interactions
over the range of materials plotted in Fig. 6 are
similar in magnitude for each QD size. Confinement
of the QD exciton is in three dimensions, therefore
the exchange is predicted to scale as R, where R is
the QD radius. That is the case for some of the data
plotted here, which include a range of experimental
observations and good quality calculations. A scaling
of ~R~ is found for bright-dark splitting of CdSe,
CdTe and GaAs QDs. Silicon QDs are calculated to
show R->¢, whereas the splitting for Agl, InAs and InP
scales as R2, or slightly more weakly. Future work may
expose more details of the spectroscopic signatures
of the exciton from beneath the inhomogeneously
broadened absorption band. An example was reported
recently where the dynamics associated with flipping
between two QD fine-structure states was measured®.

A concluding message is that nanoscale materials
of vastly different structure and composition can be
directly compared through spectroscopic signatures of
exciton delocalization. Any effect that is determined
by a two-electron integral involving orbitals that
constitute the exciton is appropriate, although the
exchange interaction seems the obvious choice.
Finally we note that in this section we have focused on
strongly delocalized excitons. The discussion becomes
more complex for consideration of Frenkel excitons.

EXCITON BINDING ENERGY

The exciton binding energy in a quantum confined
system can be taken to be the energy difference
between the exciton transition energy (optical gap)
and the electronic bandgap, as shown in Box 1. The
electronic bandgap can be written as the difference
between the ionization potential and electron
affinity, assuming no structural relaxation of the
material or its surroundings®. This Coulomb energy,
thought of as electron-hole attraction, assumes
marked significance in nanoscale materials. In this
section we discuss the binding energy of excitons

in various materials, aiming to understand how to
think about confinement in terms of the prevalence
of excitons as elementary excitations. We give further
examples that illustrate how the size and binding
energy of an exciton can be dynamic, changing
considerably from optical absorption to equilibration
prior to photoluminescence emission.

In a bulk semiconductor material with high
dielectric constant, the exciton binding energy is
typically small: 27 meV for CdS, 15 meV for CdSe,

5.1 meV for InP and 4.9 meV for GaAs. Excitons are
therefore not a distinctive feature in the spectroscopy
of such materials at room temperature, making them
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ideal for photovoltaic applications. On the other hand,
in molecular materials, the electron-hole Coulomb
interaction is substantial—a few electronvolts. In
nanoscale materials we find a middle ground where
exciton binding energies are significant in magnitude—
that is, excitons are important—and they are size-
tunable. As a consequence of the size-dependence of
the binding energy, delocalization versus localization
of the exciton complicates matters. For example,
exciton self-trapping (see the following section) in
organic materials, such as conjugated polymers, leads
to a strongly bound (hundreds of millielectronvolts)
exciton. Hence the need to dope conjugated polymer
solar cells with electron acceptors, such as other
polymers®, fullerenes” or quantum dots”, to promote
charge separation. In a strongly delocalized exciton,
free carriers could be photogenerated directly upon
excitation of conjugated polymers. The extent to which
that occurs is still a matter for debate.

The exciton binding energy in QDs of radii
R = 1-2 nm is in the range 200-50 meV, scaling
approximately as 1/R, according to the size-
dependence of the electron-hole Coulomb
interaction®. A key difference between these
inorganic materials and organic materials is
dielectric constant. Dielectric constant is central in
determining the exciton binding energy because it
shields electron-electron repulsions, or equivalently
electron-hole interactions. Interestingly, it has been
reported that dielectric constant diminishes with
size for QDs, further increasing the size effect of the
exciton binding energy®.

The importance of electron-electron interactions
in determining the properties of excitons in CNTs has
been revealed by quantum chemical calculations™ 7.
The most striking result is the large binding energy,
found to be between ~0.3 and 1.0 eV, depending on
the chiral index and computational methodology.
The remarkable finding is that they are of the
order of half the bandgap. Zhou and Mazumdar™
report the scaling of the binding energy for various
CNT types, indicating that the binding energy is
greater for smaller tube diameters, as expected.
Compelling experimental evidence for a significant
exciton binding energy in CNTs has been recently
communicated””®. In each case, experimental
studies suggested that the exciton binding energy in
(8,3) CNTs is ~0.4 eV. Evidence for the existence of
excitons in CNTs can also be inferred from a report
of phonon sidebands in fluorescence data®. In the
work reported by Wang et al.” the energy of the one-
photon allowed exciton absorption was compared
with the two-photon allowed absorption into a second
exciton state and nearby continuum absorption. That
direct observation of the exciton transition and the
continuum provides a clean measure of the exciton
binding energy. In the report of Ma et al.” the one-
exciton state and continuum were detected using
ultrafast transient absorption spectroscopy, similarly
enabling the exciton binding energy to be deduced.

The situation becomes less clear when the
material is disordered or when there is strong
coupling between electronic and nuclear degrees
of freedom. Organic materials typically exhibit
structural disorder and tend to contain torsional
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Figure 6 Size dependence of exchange interactions. Log—log plots of singlet-triplet splitting
energy versus size. As in Fig. 5, for CNTs the confinement dimension is taken to be the tube diameter;
for other organic materials it is the approximate conjugation length from end to end. a,The organic
materials from Fig. 5, together with calculated singlet—triplet splitting for a series of all-trans
polyenes. The diamonds show the results of these time-dependent density functional calculations of
polyene excited states®. b, A typical Jablonskii diagram, indicating that the singlettriplet splitting is
determined by an exchange interaction. That diagram is compared to that for a CdSe quantum dot,
shown in d, where one considers a manifold of eight states—the exciton fine structure—rather than
just four. The splitting between the lowest bright and dark exciton fine structure states is analogous
to the singlet-triplet splitting of the organic materials when crystal field splitting is negligible
compared with the electron—hole exchange interaction. That is usually not the case for materials

with a wurtzite structure, such as CdSe. e, Data showing reported bright—dark exciton splitting for

a selection of quantum dots: Si (ref. 62; tight-binding calculations), InP (ref. 47; fluorescence line
narrowing, measured at 10 K), GaAs (ref. 60; pseudopotential calculations of rectangular nanocrystals),
CdTe (ref. 64; fluorescence line narrowing, 10 K, of colloids in glass), Agl (ref. 65; fluorescence line
narrowing, 2 K), InAs (ref. 63; fluorescence line narrowing, 10 K), and CdSe(ref. 51; fluorescence line
narrowing, 10 K). These data are a combination of experimental results and calculations.

motions and related low-frequency vibrations
that couple to the exciton. Such a combination of
static disorder and electron-vibration coupling
disrupts delocalization. That is the trade-off for
the great structural diversity in both repeat units
and extended bonding patterns found in organic
supramolecular assemblies and macromolecules.
These ideas have been elucidated in detail for
J-aggregates’’, which are well known linear
assemblies of dye molecules.

It has taken many years to develop an acceptable
understanding of excitons in conjugated polymers that
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Poly(phenylene vinylene) chain

Conformational disorder
breaks conjugation

Conjugation
break

Electronic coupling
between subunits
(~100 cm™)
A conformational
subunit

Figure 7 Gonformational subunits of conjugated polymers. A typical ‘defect cylinder’

conformation of a conjugated polymer, poly(phenylene vinylene), is shown in red. Zooming in on a small

part of the chain, it is evident that the n-bonds extending over the phenylene vinylene repeat units are
frequently disrupted by rotations of sufficient angle to break the conjugation. The result is a series of
conformational subunits, outlined conceptually by boxes. This ensemble of chromophores makes up
the zero-order picture of the conjugated chain exciton. Long-range Coulomb interactions couple the
conformational subunits, as indicated. After light-absorption, energy migration transfers the excitation
to a narrow distribution of conformational subunits, from which fluorescence emission is observed.

explains molecular and semiconducting aspects of
the materials in the context of their highly disordered
structure®. The binding energy and precise nature of
the excited state (exciton versus polaron-exciton) are
still a matter for discussion. We note that coupling to
phonons, exciton self-trapping and energy migration
can influence the observed binding energy. Electronic
structure calculations in conjunction with experiment
have proven central for elucidating the properties

of excitons in conjugated polymers’. Moses et al.”
report that the exciton binding energy can be as low as
60 meV for excitons in poly(phenylene vinylene). The
report of Silva et al.** on poly-6,6",12,12"-tetraalkyl-
2,8-indenofluorene and that of Arkhipov and Bassler®'

should be considered in conjunction with those results.

Many other experimental and theoretical reports
conclude that the exciton binding energy is 0.3 to
0.6 eV for a range of conjugated polymers. Films differ

from isolated polymers owing to interchain interaction

effects. The reader is referred to the article by Brédas
et al.® for detailed discussion of the binding energy in
conjugated polymers. An important message of that
paper is that an interplay between electron—electron
and electron-lattice interactions is important in
determining a description of conjugated polymer
excitons, and hence their binding energies.

The binding energy of the exciton in the B850 ring

of LH2 is apparently lowered by 90 meV relative to that
in monomeric Bchl, as can be inferred from the energy
difference between the 800-nm and 850-nm absorption

bands (Fig. 2). Note that B850 is a Frenkel exciton, so
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the electron and hole are closely associated on each
molecule in the aggregate. If the molecules in B850
were sufficiently closely spaced, then charge transfer
between Bchl molecules would become important—
that is, electron-hole separation. The consequence
would be a substantially increased exciton binding
energy for essentially the same-sized aggregate.

DISORDER AND COUPLING TO VIBRATIONS

The purely ‘electronic’ models for describing excitons
are modified by the coupling between the exciton
and the bath of nuclear motions. That coupling

is manifest in spectroscopy as line broadening,
Stokes shift and vibronic structure in absorption

and photoluminescence spectra®#5. The aim of

this section is to categorize the important elements
of line broadening in nanomaterials, highlight

their size dependences and provide some specific
examples that give an overall picture of the diverse
consequences of disorder and exciton-bath coupling.

Any model for the eigenstates and energies
of excitons contains the energy at each repeat
unit (molecule, unit cell, atom), known as the
site energy, and information on how those repeat
units are coupled. In the most general model,
each site can accommodate an excitation, an
electron or a hole®. Clearly both the composition
of the eigenstates and the corresponding energies
will be affected by energetic disorder in the site
energies or couplings. Such disorder is caused by
random fluctuations in the positions of atoms®*.

The timescale of those fluctuations is important in
delimiting the effects as static (on the timescale of
the measurement) or fluctuating. The former gives
rise to inhomogeneous line broadening, the latter

to homogeneous line broadening®. Static disorder

is seen as a temperature-independent gaussian line
shape in absorption or photoluminescence, whereas
homogeneous line broadening can play an important
role in trapping an exciton on a fast timescale®”
(femtoseconds to picoseconds).

The interaction between excitons and nuclear
motions can introduce time-dependent confinement
effects, known as exciton self-trapping, where the
exciton becomes trapped in a lattice deformation®.
Those nuclear motions are contributed by
intramolecular vibrations and the environment.
Exciton self-trapping occurs through a local collective
structural change, connected to random nuclear
fluctuations by the fluctuation-dissipation theorem.
The resultant exciton is also called a polaron-exciton.
Hence the size and electronic make-up of an organic
exciton can change markedly on short timescales
after photoexcitation (tens of femtoseconds)'*®.

That is understood as the tendency of molecules to
change their equilibrium geometry in the excited state
compared with the ground state, which is observed,
together with solvation®, as spectral diffusion. The
associated reorganization energy is equal to half the
Stokes shift. A very small change in the equilibrium
coordinates of many vibrational modes can inspire
surprisingly rapid localization of the exciton. In

other words, exciton self-trapping is induced by the
amplitude of fluctuations as well as their characteristic
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timescales. The precise excited state dynamics are
dictated by competition between the delocalizing
effect of electronic coupling and the localizing
influence of electron-phonon coupling.

The LH2 antenna protein (Fig. 2) from purple
bacteria provides a clear example of the implications
of static disorder at each site in a Frenkel exciton. To
understand the optical properties, one must consider
the importance of static disorder in the transition
energy gaps from ground state to excited state of each
Bchl molecule and/or in the electronic coupling®-".
The result is that each LH2 complex in an ensemble
has a unique absorption spectrum, as shown strikingly
in the low-temperature fluorescence excitation
spectra of individual LH2 complexes reported by
van Oijen et al.””. Implications are that ensemble
measurements must be carefully unravelled to
expose the properties and dynamics characteristic of
individual light-harvesting complexes. Although static
disorder is important, particularly in determining
the temperature dependence of spectroscopic data,
dynamic electron-vibration coupling also needs to be
considered to predict electronic energy transfer rates
and to understand ultrafast exciton dynamics. Some
insight into the role of electron-vibration coupling
can be gathered from the observation that the entire
ring of Bchl molecules needs to be considered in a
theoretical model to predict correctly the absorption
or circular dichroism spectra of B850"”. Nonetheless,
excitation is self-trapped in just tens of femtoseconds
so that the exciton size determined by experiments
such as pump-probe®® and time-resolved fluorescence
spectroscopy® is small enough to cover just small part
of the ring, typically three to four Bchl molecules only.
The size of an exciton therefore can depend on the
timescale on which it is probed.

Conjugated polymers provide another good
example where static disorder is significant. By
considering single-molecule studies and simulations
of the polymer chain it was established that MEH-
PPV adopts a fairly ordered defect cylinder chain
conformation®, illustrated in Fig. 7. That work
provides an important low-resolution’ picture of
chain disorder. The m-electron system of conjugated
polymers is disrupted on shorter length scales by
conformational disorder®. It has been thought that
this disorder impacts the spectroscopy by disrupting
the m-electron conjugation along the backbone
of the polymer, giving a chain of chromophores
known as conformational subunits (Fig. 7). Thus, the
optical properties of conjugated polymers are highly
dependent on the polymer chain conformation?*?>%.
Single-molecule studies and site-selective fluorescence
studies together provide clear evidence that energy
absorbed by a polymer chain is efficiently funnelled
to low-energy chromophores along the chain by
electronic energy transfer”.

Recent work has aimed to understand better
how to think about conformational subunits and
how they define conjugated polymer excitons.

Simple considerations of electronic coupling (for
example, dipole-dipole coupling) suggest that
conformational subunits should be electronically
coupled, meaning that a delocalized exciton might
be formed by photoexcitation®®'*. Careful quantum

chemical investigations furthermore reveal that it
is difficult to define conformational subunits with
respect to torsional angles: there is no clear point
when the strong interactions that depend on 77—
overlap ‘switch off” and, even when weak, those
interactions are important for defining the nature of
the excited states. Beenken and Pullerits'* conclude
that conformational subunits arise concomitantly with
dynamic localization of the excitation'® (exciton self-
trapping). An interesting contrast is contributed by
the highly ordered polydiacetylene chains investigated
by Schott and co-workers'®”. Those molecules
resemble an organic semiconductor quantum wire
in many respects, therefore sustaining a highly
delocalized one-dimensional exciton. Key properties
that differentiate these chains from many other
conjugated polymers are their structural order on all
length scales, their rigid, crystalline environment, and
weaker electron-phonon coupling.

QD excitons couple relatively weakly to nuclear
motions and the homogeneous line broadening
is consequently narrow compared with organic
materials, suggesting possible applications of QDs
as single-photon sources and ‘qubits’ for quantum
computation. That is perhaps because QDs, and
indeed also CNTs, are considerably more rigid
and ordered than the flexible structures of organic
materials. There are two characteristic types of
vibrations in a QD'*. The higher-frequency mode
is that of the longitudinal optical (LO) phonon,
which has a frequency that is typically very similar
to the frequency known for the corresponding
bulk material. For CdSe the LO-phonon mode
frequency is 207 cm™. The radial breathing modes of
CNTs'® are conceptually similar kinds of vibrations.
The frequencies of radial breathing modes,
however, scale with the CNT diameter d (in nm),
according to the empirical relation'” w = (214.4/
d) +18.7 cm™. Coupling of the exciton to vibrations
with frequencies greater than thermal energies
leads to phonon sidebands in frequency-resolved
spectroscopies and quantum beats (oscillations) in
ultrafast time domain experiments.

The principal vibrations that contribute to QD
line shape are acoustic phonons. In the bulk these
are analogous to sound waves travelling through the
crystal. Owing to the small size of QDs, the acoustic
phonon modes are quantized torsional and spheroidal
modes—the motions of an elastic sphere that leave
its volume constant. The frequencies of these phonon
modes lie in the range 5 to 40 cm™, depending on the
QD size. The exciton—-phonon coupling scales as 1/R?,
where R is the QD radius'. Models for phonons in
bulk crystals assume the displacements of the modes
are small. That makes sense for an infinite-sized
crystal, in which coupling between many oscillators
limits the amplitude of motion. On the other hand,
for nanoscale materials such as QDs, exciton-phonon
coupling may be better described by considering
aspects of theories developed for molecules.

DYNAMICS OF EXCITONS

The dynamics of excitons have been of interest for
many years. Here we give only a glimpse of some
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areas topical in nanoscience that characterize each
particular material. Photosynthetic proteins provide
wonderful model materials for the measurement

and investigation of electronic energy transfer.
Energy migration in conjugated polymers has been
extensively studied, particularly with respect to
elucidating the essential differences between dilute
solutions and films”. Exciton dynamics in CN'Ts

have recently been exposed, so this area is only now
emerging. Relaxation dynamics—radiationless as well
as radiative relaxation—of highly excited excitons and
multiexcitons are a topic of continued interest in QDs.

As introduced in Fig. 2, the light-harvesting
complexes in photosynthesis gather incident solar
energy and transfer that excitation energy to reaction
centres using a series of electronic energy transfer
steps. The B850 unit plays an important role in the
intra-complex energy funnel for purple bacteria.
Examination of B800-B850 resonance energy transfer
revealed that excitons are unique in the way they
trap excitation energy'”'®. A surprisingly large spatial
and spectral cross-section for donor quenching is
achieved through the physical arrangement of the
acceptor molecules, together with the fact that the
full extent of the exciton density of states can be
harnessed to optimize spectral overlap between donor
‘emission’ and acceptor ‘absorption, regardless of
the distribution of oscillator strength. This second
point is rather subtle, as it is not captured by the
dipole approximation for donor-acceptor electronic
couplings. The way that a delocalized exciton acts as
a unique acceptor in resonance energy transfer may
be understood in terms of coupling between exciton
transition densities's'®,

Exciton states are used in photosynthetic light
harvesting and redistribution because they substantially
increase the absorption cross-section for incident light
without the cost of dissipative processes that might
result from diffusive trapping of excitation energy
absorbed by a weakly coupled aggregate of molecules.
Once captured by the exciton manifold, excitation is
rapidly trapped in the lowest state. Recent work reveals
that such exciton trapping and relaxation is not a simple
cascading relaxation process, but can actually involve
spatial redistribution, a new picture that was discovered
through two-dimensional photon echo spectroscopy'”.
This method opens the possibility of new insights into
mechanisms underlying ultrafast dynamics of excitons,
because information about electronic couplings
between exciton states can be captured in addition
to populations.

Similar to conjugated polymers, CNT excitons
may migrate along the length of the tube. A possible
implication of energy migration is that trap and
defect sites along the tube may quench excitation,
contributing to the low fluorescence yield. At higher
excitation intensities, two excitons on the same
CNT may encounter each other and annihilate'®,
Thus multiexciton states are typically short-lived
(<100 fs) in organic materials because excitons
resident on proximate but spatially distinct parts of a
macromolecule or aggregate annihilate efficaciously
by a resonance energy transfer mechanism, forming
a localized higher electronic state that relaxes rapidly
through internal conversion'*®'.

Translational dynamics of excitons are obviously
not important in QDs. However, radiationless
relaxation processes from higher excited states in
QD:s to the lowest exciton state have been widely
investigated®. The electron and hole levels in small
QDs, typical of colloidal QDs, are widely spaced
compared with the LO-phonon frequency. It was
therefore expected that relaxation of the electron
and hole, and hence exciton, would be impeded: the
phonon bottleneck. In fact, it has been found that
the relaxation is very fast in CdSe'!""!%. For CdSe the
valence band consists of more closely spaced levels
than the conduction band. Bearing this in mind, the
fast exciton relaxation has been explained on the basis
of an Auger-like process whereby the highly excited
electron interacts with the hole through an electronic
(coulombic) interaction that enables the electron to
relax to its lowest level by scattering the hole deeper
into the valence band'!!. Because the valence band has
a high density of states, phonon-mediated relaxation
of the hole is possible. However, that rationale does
not satisfactorily explain the fast exciton relaxation
observed in IV-VI QDs, for which the electron
and hole states are thought to be approximately
equally spaced. Guyot-Sionnest et al. have further
suggested that surface ligands may play a role in
assisting exciton relaxation''>. Whether independent
consideration of the electron and hole relaxations is a
good approximation may also be questioned given the
significant Coulomb and exchange energies that bind
the exciton.

As opposed to most organic materials, QDs can
support multiple exciton populations, biexcitons,
triexcitons and so on, for times significant compared
with the exciton lifetime. Biexcitons in CdSe QDs
have recombination times of the order of tens of
picoseconds, depending on the QD size*''?. Nozik
proposed that the unique properties of multiexcitons
in QDs could be harnessed to increase the energy
conversion efficiency of solar cells'**. Recently that
prediction was confirmed for PbS and PbSe QDs by
the striking observations of band-edge exciton yields
of >300% when the pump energy is tuned to greater
than three times the bandgap'>''°.

OUTLOOK

We emphasize the great strides that have been gained
from elucidating size-dependent properties within
each class of materials we have reviewed. What are
the signatures of nanoscale exciton spectroscopy?
As an example we looked at singlet—triplet splitting
and its relationship to exciton delocalization (or
confinement). The properties of quantum dots stood
out from those of the other materials examined; the
relatively small magnitude of properties such as the
exchange interaction highlights the role of dielectric
constant in screening long-range interactions. It is
clear, however, that size plays an important role here
also, as can be concluded by comparing the singlet—
triplet splitting of the majority of organic materials
surveyed in Fig. 6 with those calculated for CNTs.
We conclude that an opportunity for
nanoscience is that solid-state materials acquire
molecular-like spectroscopic features: discrete
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transitions, spin state manifolds and so on, allowing
for a more detailed examination of the excited
states. That, in turn, will provide inspiration for
theory, which in the past has focused mostly on
bandgaps. Future work will examine more closely
how spectroscopy can reveal properties unique

to excitons in nanoscale systems. It is likely that
our understanding of excited electronic states
characteristic of nanomaterials will evolve in a
similar manner to our present understanding

of the excited states of molecules. Standard
approximations and concepts relevant to bulk
materials may need to be reconsidered in light of
the significant exciton binding energies, exchange
interactions, and exciton-vibration couplings
apparent in the spectroscopy of nanoscale excitons.
Perhaps we need to look back before we go small?

doi: 10.1038/nmat1710
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