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CONSPECTUS

Nanoscale clusters of bulk materials, also known as

Absorb Emit

quantum dots (QDs), exhibit both molecular and bulk Dephase Relax
properties. Unlike either bulk or molecular materials, QD %y Auger
properties can be modified continuously by changing QD m % ; fA] '
shape and size. However, the chemical and physical proper- X |!‘ i f

0

ties of molecular and bulk materials often contradict each 3
other, which can lead to differing viewpoints about the | &
behavior of QDs. For example, the molecular view suggests I~
strong electron—hole and charge—phonon interactions, as
well as slow energy relaxation due to mismatch between
electronic energy gaps and phonon frequencies. In contrast,
the bulk view advocates that the Kinetic energy of quantum confinement is greater than electron—hole interactions, that
charge—phonon coupling is weak, and that the relaxation through quasi-continuous bands is rapid. By synthesizing the bulk
and molecular viewpoints, this Account clarifies the controversies and provides a unified atomistic picture of the nature and
dynamics of photoexcited states in semiconductor QDs. Based on the state-of-the-art ab initio approaches in both the energy
and time domains, the Account presents a comprehensive discussion of the dynamical processes in QDs, ranging from the
initial photon absorption to the final emission.

The atomistic description of QDs complements phenomenological models, provides important details, and creates new
scientific paradigms. The ab initio approaches are particularly useful for studying geometric and electronic structure of QDs
because they treat bulk, surface, ligands, and defects on equal footing and incorporate electronic correlation effects. Nona-
diabatic molecular dynamics simulations most closely mimic the complex coupled evolutions of charges, phonons, and spins
as they occur in nature. The simulations show that the underlying atomic structure, thermal fluctuations, and surface effects
lift electronic state degeneracies predicted by phenomenological models and that excitonic electron—hole interactions are
strong in small QDs.

Stoichiometric surfaces self-heal. However, only molecular ligands and core/shell designs can eliminate traps associ-
ated with dangling chemical bonds, missing atoms, and other defects. Ligands create charge traps and provide high-
frequency phonons. The phonon-induced dephasing of electronic excitations is ultrafast, ranging from tens to hundreds of
femtoseconds.

The dependence of the relaxation on the excitation energy and the density of states clarify the controversies regard-
ing the phonon bottleneck in the photoexcited electron relaxation, and the participation of low-frequency phonons explains
the temperature dependence of the relaxation rate. We rationalize the ultrafast generation of multiple excitons without the
phononbottleneck by strong Coulomb interactions between the charge carriers. The QD charging and defects explain the
large variation in the experimental data on multiple exciton generation.

The issues raised here with the electronic states and semiconductor QDs are similar to those found with the spin states
and metallic QDs. Assemblies of QDs with other materials, such as organic chromophores and inorganic semiconductors,
will present new sets of questions. Time-domain ab initio approaches will allow scientists to address these challenges directly
in the near future.

3 2 - 0 1 2 3
Energy, eV 1

Published on the Web 11/04/2009  www.pubs.acs.org/acr Vol. 42, No. 12 = December 2009 = 2005-2016 = ACCOUNTS OF CHEMICAL RESEARCH = 2005
10.1021/ar900157s CCC: $71.50 © 2009 American Chemical Society



Photoinduced Dynamics in Semiconductor Quantum Dots Prezhdo

Introduction

Nanoscale clusters of bulk materials, also known as quantum
dots (QDs), exhibit the remarkable property of quantum con-
finement. This phenomenon allows one to continuously tune
various properties by changing cluster size and shape. QDs are
in sharp contrast with molecular systems, whose properties
vary discontinuously and require modifications in composi-
tion and structure. The QD size below which quantum con-
finement becomes important is given by the extent of
electronic excitation in bulk. This so-called Bohr exciton radius
is in the range of a few nanometers to tens of nanometers for
typical semiconductors. Collective excitations in metallic nano-
particles, for example, plasmons, can be tuned at a much
larger particle size. On the subnanometer scale, clusters
become molecular-like. Their structure can deviate from bulk,
and their properties change discontinuously with cluster size.

Dynamics of electronic excitations in semiconducting’ and
metallic> QDs is quite complex. It underlies many applications,
including light-emitting diodes,® field-effect transistors,*
lasers,> quantum antennas,® biological probes,” quantum
information devices,® spintronic systems,9 and thermopower
machines.'® High absorption cross sections, decreased
electron—phonon relaxation rates," "' and generation of mul-
tiple electron—hole pairs'>~'> make QDs excellent photovol-
taic materials.""'® Electron—hole and charge—phonon
interactions carry both fundamental and practical importance.
For example, QD photovoltaic and lasing efficiencies depend
on the rates of electron—hole energy exchange and
charge—phonon relaxation. Quantum information process-
ing is limited by phonon-induced dephasing of spin and elec-
tron states. Inelastic scattering is responsible for transport
blockade and energy loss during charge tunneling through
QDs.

QDs are studied by several scientific communities and can
be viewed alternatively as reduced-dimensional bulk or
scaled-up molecular systems. Similar to molecules, QDs show
discrete optical transitions. Similar to bulk, QDs comprise mul-
tiple unit cells and form electronic and vibrational bands. The
charge—phonon and electron—hole interactions are weaker in
QDs than in molecules but are stronger than those in bulk.
Often, the molecular and bulk viewpoints use different termi-
nology to describe the same phenomenon and even gener-
ate contradictions. For instance, electron-correlation effects
known in chemistry translate into excitonic electron—hole
interactions in physics. The molecular view suggests that exci-
tonic and charge—phonon interactions are strong and that
relaxation is slow due to mismatch between electron and

phonon energies. In contrast, the bulk view indicates that
kinetic energy of quantum confinement is significantly greater
than excitonic interactions and that charge—phonon relax-
ation through quasi-continuous bands is rapid. Such qualita-
tive differences create debates that must be settled in order to
advance both fundamental understanding and applications of
QDs.

This Account presents an ab initio description of the nature
and dynamics of photoexcited states in semiconductor QDs,
in both energy and time domains. By synthesizing the bulk
and molecular viewpoints, the analysis clarifies the controver-
sies and provides a unified atomistic picture of the excited
state processes, Figure 1.

Theoretical Approaches

The results discussed below are obtained with ab initio meth-
ods. Other approaches include effective-mass theory'''#
(EMT) and pseudopotential technique.'”~"® Historically first,
EMT develops a particle-in-a-box model with electron and hole
masses given by their bulk values. An intuitive description,
EMT explains general trends seen in experiments. The atom-
istic pseudopotential technique can be applied to large sys-
tems, but requires careful parametrization for each material.
Ab initio approaches are particularly valuable for studying
dopants, defects, ligands, core/shell systems, and QD synthe-
sis. They use minimal parametrization and are applicable to
most materials across the periodic table. The Hartree—Fock
(HF) method and density functional theory (DFT) date back
many decades. Time-domain (TD) DFT and nonadiabatic
molecular dynamics (NAMD) are more active areas of
research. Currently, ab initio TDDFT/NAMD is the only tech-
nique that models QD dynamics in the time domain and at
atomistic level, directly mimicking time-resolved experiments.

A Single-Particle Theory, Hartree—Fock Describes
Interaction of an Electron with the Mean Field Created
by Other Electrons. HF approximates Schrodinger’s equa-
tion for a multidimensional wave function with coupled three-
variable equations for single-electron orbitals. For example, a
wave function describing valence electrons in a 500 atom Si
QD contains 6000 variables. Single-particle HF equations
depend on 3 variables and provide a great simplification.
Electron—electron repulsion is included as mean-field: each
electron sees an average cloud created by remaining elec-
trons, Figure 2. HF achieves self-consistency, since electron
orbitals are determined by mean field and mean field
depends on the orbitals. HF incorporates Pauli exclusion
through the exchange interaction, which does not allow two
identical electrons to occupy the same location.
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FIGURE 1. Photoinduced electron—phonon dynamics in semiconductor QDs. An absorbed photon excites one or multiple electron—hole
pairs or superpositions thereof. Superpositions rapidly dephase by coupling to phonons. Multiple electron—hole pairs dephase into
independent single electron—hole pairs on a slower time scale. Auger processes exchange energy between electrons and holes and can
create additional electron—hole pairs. Besides dephasing, electron—phonon coupling causes nonradiative relaxation, converting excitation
energy to heat. Ultimately, all decay channels lead to uncorrelated electron—hole pairs at the gap energy. These emit photons and return to

the ground state.
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FIGURE 2. lllustration of single-particle HF theory and two
alternative models for electron—hole correlations. In HF, every
single electron interacts with the mean field created by the cloud of
remaining electrons. Cl adds correlation between electron pairs,
triplets, etc. DFT builds an effective interaction potential that is
different from 1/r and includes electron correlations within a
modified single-particle description.

Electron—Electron Correlations Are Captured by
Configuration Interaction. Electronic correlation is responsi-
ble for excitonic effects and can be very strong,. It is added sys-
tematically to HF using configuration interaction (CI) and cluster
expansions. The exact many-body wave function can be
obtained, although at a very high computational expense. Con-
figurations of two-body, three-body, etc. correlations, Figure 2,
represent multiple excitons, whose properties are particularly
important for QD photochemistry. Cl evaluates electron correla-
tions explicitly but can be applied only to small clusters.

Density Functional Theory Includes Electron Correla-
tions within an Effective Single-Particle Model. DFT
accounts for electron correlations indirectly. Justified by proof-

[Fime-Domain Density Functional Theory {TDDFT

: non-adiabatic

adiabatic

R(t)
Non-Adiabatic Molecular Dynamics (NAMD)
FIGURE 3. TDDFT combined with NAMD generates
electron—phonon evolution. Electron density transfer between
donor and acceptor is coupled to vibrational motion, R({). Transfer
is adiabatic if the system remains in one electronic state.
Nonadiabatic transfer occurs by hopping between states.

of-principle showing that ground state properties can be
obtained exactly from three-dimensional spatial density rather
than multidimensional wave function, DFT replaces Coulomb
interaction with a density functional, Figure 2. Kohn—Sham
(KS) DFT ensures that density corresponds to a wave func-
tion. Excitonic electron—hole interactions are included in DFT
implicitly through the functional. KS DFT is an effective single-
particle theory. HF can be viewed as a special form of DFT that
includes exact Pauli exchange and no electron correlation. As
illustrated below, HF and DFT give different single-particle pic-
tures. DFT is computationally inexpensive and works particu-
larly well with extended systems that do not undergo complex
chemical changes.

Time-Domain Density Functional Theory Evolves
Electrons Driven by External Fields. TDDFT rigorously
describes system’s response to external perturbations, such as
electro-magnetic fields and phonons, Figure 3. Linear response
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TDDFT is frequently used to evaluate electronic excitation
energies. Full TDDFT employed here propagates electron den-
sity explicitly in time. Taking full computational advantage of
time-independent DFT, we use its solutions as a basis for our
TDDFT calculations.*°

Nonadiabatic Molecular Dynamics Evolves Atoms in
Response to Changes in Electron Density. Classical-me-
chanical prescription for phonon dynamics in response to
changes in electron density constitutes the quantum-backre-
action problem,?' and the combined electron—phonon evo-
lution is called NAMD, Figure 3. Traditional MD is performed
in a single, usually ground, electronic state. NAMD includes
transitions between states. Most often, NAMD generates quan-
tum-backreaction using surface hopping (SH), which stochas-
tically correlates phonon dynamics with electronic states.
Fewest switches SH (FSSH) minimizes hops and satisfies
detailed balance between transitions up and down in energy,
as required by thermodynamic equilibrium.?? FSSH was imple-
mented within TDDFT in ref 20.

Electronic Excitations in Semiconductor
Quantum Dots

Photon absorption initiates complex electron—phonon dynam-
ics in semiconductor QDs, Figure 1. One or several electrons
can be promoted from valence band (VB) to conduction band
(CB), depending on optical selection rules and electron—hole
interaction strength.

Density Functional Theory Shows Broken Symmetries
in Band Structure. Densities of states (DOS) for CdssSess,
Cd33Se33/ZNn;5S7s, and PbegSess QDs obtained with DFT are
shown in Figure 4. The first CB peak, as S-electron state in
EMT, is clearly seen in both CdSe and PbSe QDs. The state is
roughly spherically symmetric and is delocalized over the
whole QD. Higher energy peaks can be attributed to P, D, etc.
electronic levels, although state symmetries become harder
to discern from state densities obtained by atomistic
simulation.'®232% The corresponding VB state structure is less
pronounced, since the states are closer in energy. This agrees
with EMT, which uses a higher effective mass for holes than
electrons, particularly in CdSe.'" Although DOS shows dis-
tinct peaks, they are separated only at low energies. Com-
pared with EMT and tight-binding calculations that predict
highly degenerate energy levels, ab initio results demonstrate
that atomic structure, surface effects, core/shell coupling, ther-
mal fluctuations, spin—orbit and Coulomb interactions break
degeneracies and create complicated multilevel electronic
structure. Atomistic pseudopotential calculations lead to sim-
ilar conclusions.'”~'® Existence of multiple levels near band
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FIGURE 4. DOS of CdSe and PbSe QDs obtained by DFT. Top panel

compares DOS of CdssSes; and core/shell CdssSess/ZnzgS7s. The

lowest energy electron levels arise purely from the core, while

bandgap hole levels contain shell contributions. PbSe DOS is more

symmetric, bottom panel.

Densﬁy of States
R

edge is supported by measurements with single PbS QDs,
showing homogeneous broadening and complex structure of
fluorescence spectra.>®> Photoluminescence blinking in single
QDs may indicate that the photogenerated exciton is distrib-
uted over multiple on/off states. PbSe DOS is notably more
symmetric than CdSe DOS. This is seen particularly well with
peak heights. Zero-temperature energy gaps are underesti-
mated relative to experiment, as typical with density-gradi-
ent functionals. The problem is attributed to incomplete
elimination of self-interaction.>® Nonlocal and NA corrections
are routinely used to remedy the problem. For instance, hybrid
functionals include portions of exact HF exchange. Bandgaps
of core and core/shell CdSe QDs are similar, Figure 4, indicat-
ing that surface reconstruction is capable of saturating dan-
gling bonds. ZnS has larger bandgap than CdSe. ZnS VB edge
aligns with that of CdSe, while CB starts notable higher. Fur-
ther discussion of shell, ligands, and other surface effects is
given below.

Hartree—Fock Band Structure Provides a Reference
Single-Particle Picture. HF DOS of CdSe and PbSe QDs*” are
shown in Figure 5. Since DFT accounts for electron correla-
tions, while HF does not, one observes both close similarities
and drastic differences between the HF and DFT data, com-
pare Figures 4 and 5. Band structures of PbSe QDs are signif-
icantly more symmetric compared with CdSe in both cases.
However, bandgaps predicted by HF are huge. Excitation ener-
gies computed by Cl, Figure 6, are three times smaller than HF
single-particle energy gaps, indicating the importance of
electron—hole interactions. Small QDs provide good represen-
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FIGURE 5. DOS of CdSe and PbSe QDs obtained by HF. Smaller
QDs provide good approximations for larger QD DOS. Close
similarities and dramatic differences between DOS of Figures 4 and
5 are discussed in the text.
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FIGURE 6. (a) Electronic absorption spectra and (b) electron/hole
origin of photoexcited states of small CdSe and PbSe QDs, whose
DOS are depicted in Figure 5. Very high-level ab initio ClI
calculations are used.

tation of large QD DOS, Figure 5. Hence, conclusions derived
for the small dots using computationally demanding Cl below
should hold for larger dots, at least qualitatively. The elec-
tron and hole subbands in PbSe clusters have different atomic

Photoinduced Dynamics in Semiconductor Quantum Dots Prezhdo

origins, independent of QD size. CdSe QD bands have mixed
character, producing asymmetric band structure.

Excitonic Electron—Hole Interactions Are Strong in
Small Clusters. Coulomb interaction between electrons and
holes is very important in small QDs. It manifests itself very
clearly in multiple exciton (ME) generation, which carries
promise for photovoltaic applications.'"'3~'® If MEs can be
created by absorption of a single high-energy photon, extra
energy stored in the blue region of Sun’s spectrum can be uti-
lized to excite additional charge carriers rather than being lost
to heat.'! Figure 6 illustrates this effect. Cl spectra for CdeSes
and Pb,Se, are presented in Figure 6a. Because of lower sym-
metry, CdgSes shows a complex spectrum with more allowed
transitions.” Figure 6b shows ME contributions to excited
states at different energies. Low-energy excitations are sin-
gle excitons (SE). Minor ME contributions arise from electron
correlation corrections to single-particle excited states. Sharp
qualitative changes are seen at energies greater than twice the
first excitation energy. Almost all highly excited states of PbSe
become MEs. This direct mechanism of ME generation®”
explains how MEs can be obtained within picoseconds'* and
without electron—phonon relaxation bottleneck.'' %829 In con-
trast, CdSe exhibits mixtures of SEs, MEs, and superpositions
thereof. SEs can generate MEs by impact ionization."" 78
Superpositions can decay into MEs by phonon-induced
dephasing.'*

Direct photoexcitation of MEs is optically allowed due to
electronic correlation. At single-particle level, only transitions
involving one electron are possible. Mixing of SE and ME by
electron—hole Coulomb interaction breaks selection rules for-
bidding ME transitions. As expected, SE transitions show sig-
nificantly higher intensities than ME transitions, Figure 6a. The
ME threshold in Pb,Se, is at 2.8 x the first excitation energy
(Egap). It is slightly higher in CdeSes. Threshold energies of
2.9Eg,, and 2.5Eg,, were observed in larger PbSe and CdSe
QDs.'? Experimental results,’* along with theoretical esti-
mates,'® give the PbSe threshold energy at 2.1E,,. Theory>°
indicates that conclusions obtained for small QDs should
remain valid with QDs up to 3 nm in diameter. In larger QDs,
electronic correlation weakens due to increased electron—hole
separation.

Phonon-Induced Dephasing of Electronic
Excitations

Electron—phonon interactions give rise to two qualitatively dif-
ferent phenomena. Superpositions of electronic states dephase
into uncorrelated states, conserving energy.?' Energy is trans-
ferred to phonons during electron—phonon relaxation.?3%4
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FIGURE 7. Diagram showing pairs of electronic states involved in
light absorption/luminescence, ME generation, and ME fission. The
state pairs form coherent superpositions that dephase by coupling
to phonons. The dephasing times are given in Table 1.

This section focuses on dephasing that is responsible for opti-
cal linewidths, ME generation, and ME fission, see Figures 1
and 7. Pairs of states in Figure 7 form coherent superposi-
tions that dephase by coupling to phonons. Table 1 presents
dephasing times.

Optical Linewidths in Single Quantum Dots Are
Determined by Electron—Phonon Interaction. Excluding
inhomogeneous broadening associated with distributions of
optically active species, intrinsic homogeneous linewidths, T,
of optical transitions are inversely proportional to dephasing
time, T,. The latter includes excited-state lifetime, T;, and pure-
dephasing, T>":

=5+ (1

Pure dephasing is associated with fluctuations of elec-
tronic levels due to coupling to phonons. For sufficiently
long Ty, T is determined by T,". In semiconductor QDs, first
excited-state lifetimes are very long. Therefore, lumines-
cence and lowest energy absorption linewidths are deter-
mined by pure-dephasing.

Dephasing between the ground and lowest energy excited
states takes 10 fs, top row in Table 1. Lowering temperature
from 300 to 100 K doubles the time. The corresponding lin-
ewidths, eq 1, are around 100 meV, in good agreement with
experiment.%> Debye-type relaxation attributed to reorienta-
tion of surface ligands may produce additional dephasing and
increase optical linewidths.>? Dephasing is faster in smaller
QDs due to stronger electron—phonon coupling. Generally,

TABLE 1. Times (fs) of Phonon-Induced Pure Dephasing between
Pairs of Electronic States Involved in Light Absorption/
Luminescence, ME Generation and ME Fission, Figure 7¢

SigHz4 Cds3Sess PbsgSess Pb16Ses6
luminescence 4/7 10/16 9/23 7/b
ME generation 4/7 5/9 5/11 4/b
ME fission 80/310 b b b

“Numbers before and after “/” correspond to temperatures of 300 and 100 K,
respectively. © No available data.

coupling grows with decreasing system size. It is weak in bulk
and strong in molecules and defects.??

Superpositions of Singly and Multiply Excited States
Dephase Rapidly by Coupling to Phonons. Electron—hole
interactions create superpositions of SEs and MEs, Figures 1
and 7. Such superpositions should decay primarily into MEs,'*
since exciting more electrons generates larger changes in QD
electronic structure and stronger electron—phonon coupling.
The lifetimes of SE/ME superpositions are given in the sec-
ond row of Table 1. Since electronic origins of SEs and MEs
differ significantly, the SE/ME dephasing times are ultrafast.
Superpositions of SEs and MEs rapidly lose coherence, become
uncorrelated, and evolve independently.?'3*

Phonon-Induced Fission of Multiple Excitons Is
Subpicosecond. With time, MEs break into incoherent com-
binations of SEs that can emit independently. Directly analo-
gous singlet fission was observed in tetracene, anthracene,
and other polyacene crystals.>> Phonon-induced dephasing
leading to ME fission in semiconductor QDs is much slower
than dephasing responsible for optical linewidths and ME gen-
eration,' Table 1. The difference becomes more pronounced
at lower temperatures. Linear response theory relates dephas-
ing to phonon-induced fluctuations of the energy gap between
the states. MEs and sums of SEs into which MEs break have
similar energies and densities. Hence, gap fluctuations are
small, and dephasing is slow. ME fission times are yet to be
measured in semiconductor QDs. The calculated values agree
with the singlet fission times observed in molecular systems.>>

Electron—Phonon Relaxation

Quantization of electronic energy levels induced in QDs by
spatial confinement can lead to mismatches between elec-
tronic gaps and phonon frequencies. Dramatic slowing of
electron—phonon relaxation, known as phonon bottleneck, '’
can ensue. Large spacing between electronic levels is clearly
seen in optical spectra.?> Unexpectedly, relaxation times show
a broad spread from 100 fs to 1 ns, depending on excita-
tion.?® Many time-resolved experiments show picosecond
relaxation, similar to that observed in bulk.?®2° Moreover,
relaxation accelerates with decreasing QD size, even though
electronic energy spacings increase. Recently, phonon bottle-
neck was observed under special conditions in carefully
designed CdSe QDs."? By slowing electronic energy decay,
phonon bottleneck can minimize losses during solar energy
harvesting and allow generation of additional charge
carriers.''"'3~15 Taking a step further beyond static EMT' "4
and pseudopotential’”~'? calculations, time-domain theoret-
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FIGURE 8. Evolution of DOS (top panel) and electron/hole energy
relaxation (bottom panel) in PbgsSess at room temperature. The
DOS fluctuates due to thermal atomic motions. Both electrons and
holes relax within a picosecond. Holes decay faster than electrons
due to higher DOS. The relaxation involves all states at energies in
the range of the photoexcited and bandgap states.

ical studies'®?32* directly mimic time-resolved experiments
and provide detailed atomistic description of the relaxation
processes.

Relaxation at High Energies Is Ultrafast due to Large
Electronic State Density. Phonon motions induce fluctua-
tions in electronic DOS, as illustrated with PbggSess in the top
panel of Figure 8. The fluctuations are minor: CB and VB
edges change by less than 0.1 eV and are significantly
smoothed, Figures 4 and 8. Phonon motions mix states of dif-
ferent symmetries and reduce gaps between states. The bot-
tom panel of Figure 8 presents NA dynamics of electron and
hole relaxation mediated by coupling to phonons.'®2324
Charge carriers visit multiple states during relaxation, and no
intermediate states play special roles. The population peaks
created by photoexcitation spread to reappear near the band-
gap. Relaxation is nearly complete within a picosecond, in
agreement with experiment.?®2° No phonon bottleneck is
observed at high photoexcitation energies. Most likely transi-
tions involve small amounts of energy that are close to
phonon energies of 100—200 cm™! (12—25 meV). This indi-
cates that electronic energy gaps are small at high energies,
explaining the absence of phonon bottleneck. Transitions

Photoinduced Dynamics in Semiconductor Quantum Dots Prezhdo

involving larger amounts of energy and multiple phonon
quanta do occur. Occasionally, up to 0.3—0.6 eV of electronic
energy can be lost to phonons in single events.'®2324 Mul-
tiphonon relaxation proposed initially to rationalize ultrafast
experimental data® is indeed seen in our simulation; how-
ever, faster resonant electron—phonon energy exchange is
also efficient, particularly at higher energies.

Phonon Bottleneck Is Seen at Low Energies since
Electronic States Are Widely Spaced. Our simulation*
showed partial phonon bottleneck associated with final stages
of electron relaxation in CdssSess. This result agrees with
observed slowing of charge relaxation, as carriers approached
band edge.?” Recent experiments'? detected nanosecond
relaxation between P- and S-states of electrons injected into
carefully designed multilayer CdSe QDs. The Cds3Sess; DOS in
Figure 4 indicates that indeed only S-electron state is sepa-
rated from the rest. Pure-dephasing time®* between S- and
P-states is shorter than transition time.?* Therefore, TDDFT/
NAMD applied to this transition must be augmented to include
decoherence.?? Analysis performed in ref 33 suggests that
decoherence significantly decelerates relaxation. This expec-
tation is closely related to quantum Zeno effect.>® Relaxation
involving dense state manifolds is not affected by coherence
loss, because transitions occur faster than decoherence. Sim-
ulation of the final electronic transition in CdSe QDs is cur-
rently under way.

Relaxation Shows Temperature Dependence since It
Is Promoted by Low-Frequency Phonons. Temperature
dependence of carrier relaxation distinguishes phonon-in-
duced processes from other channels, such as Auger scatter-
ing.3° Experiments showed??4° that relaxation is much more
temperature-dependent in PbSe than in CdSe QDs, where
Auger processes are more effective. Temperature-activated
relaxation was found in InAs/GaAs QDs.*' Different tempera-
ture dependences suggest that phonons play important roles
in most, but not all, QDs. Empirical pseudopotential calcula-
tions based on static lattice'® indicate that PbSe relaxation
accelerates with temperature in larger QDs and decelerates in
smaller QDs. Time-domain approaches model carrier dynam-
ics in semiconductor QDs directly.'®232442

Figure 9a shows that phonon-induced relaxation of both
electrons and holes in PbygSe;s is temperature-dependent.
More phonons are excited at higher temperatures, and
carrier—phonon scattering is more frequent. NA electron—
phonon coupling is proportional to phonon velocity and,
hence, the square root of Kinetic energy.?®4? Since kinetic
energy is proportional to temperature, one can expect that NA
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FIGURE 9. Electron and hole relaxation times in (a) Pb;sSess, (b) SiagH24, and (c) GexgH>4 QDs. Part a shows calculated and experimental
relaxation times vs temperature. Parts b and c correlate calculated relaxation times with state energy spacing averaged over the relaxation
energy range. Holes decay faster than electrons in PbSe due to their higher DOS, see Figures 4 and 8. Electrons decay faster than holes in
the Si and Ge QDs due to higher DOS and involvement of surface modes, see Figure 10.
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FIGURE 10. Frequencies of phonon modes that couple to CB and VB states in GesgH.4. The inserts show QD geometric structure, DOS, and
HOMO/LUMO orbital densities. In Ge and Si QDs, electrons decay faster than holes, in contrast to PbSe and CdSe, see Figure 9, because
electrons have higher DOS and couple more strongly to high-frequency surface modes. Coupling to surface modes is rationalized by larger
surface delocalization of CB orbitals, for example, LUMO, than VB orbitals, for example, HOMO.

coupling varies as T°°. By Fermi’s golden rule, relaxation rate
is proportional to coupling squared,

2
ke = 5 VP p(Egand) 2

Hence, relaxation rate and time should scale as T and T°7,
respectively. The results shown in Figure 9a deviate from this
trend. Both electron and hole decay times are fitted to T-%4.
The weaker dependence can be attributed to temperature vari-
ation of the electronic overlap contribution to NA coupling.?®
It decreases with temperature as 7-°3 due to QD expansion.
Although QD geometry is weakly temperature-dependent,*?
the coupling can strongly depend on expansion.*?

The time-domain ab initio calculations show that primarily
acoustic and to some extent optical phonons participate in the
electron-phonon relaxation. More phonons are activated at
higher temperature. Due to faster overall relaxation, tempera-
ture dependence is less evident with holes. Experimentally
observed temperature variations?®4%4" are explained by con-
sidering both phonon and Auger channels: at low temperatures,
Auger relaxation dominates, while at higher temperatures,
phonon relaxation becomes more efficient.

Higher Electronic State Density Facilitates Faster
Relaxation. Electrons decay more slowly than holes in small
PbSe QDs, Figure 9a. The difference is less pronounced in
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larger QDs, Figure 8. In contrast, electrons decay more rap-
idly than holes in Si and Ge QDs, Figures 9b,c. These differ-
ences in relaxation rates can be rationalized by higher DOS of
faster relaxing carriers, p(Epang), ONCe again using Fermi’s
golden rule, eq 2. The linear correlations in Figures 9b,c fol-
low eq 2, since the lifetime, y-axis, is inverse rate, and the
average level spacing, x-axis, is inverse DOS. With average
values of NA coupling, eq 2 fits the data up to a 1.5 prefac-
tor.** The prefactor is rationalized by coupling fluctuations. It
corrects for high transition probabilities at large coupling. The
ratios of electron and hole relaxation rates in Figures 9b,c are
described by Fermi’s golden rule quantitatively with no adjust-
able parameters.

Auger Processes

Charge—phonon relaxation is closely tied with Auger scatter-
ing.>® Coulomb interactions between electrons and holes con-
fined within QDs induce charge-carrier relaxation and
recombination. If electron and hole DOS are asymmetric, as
with most QDs, Figures 4, 5, 8, and 10, rapid Auger energy
exchange funnels excitation energy to faster relaxing carri-
ers with higher DOS. For instance, holes are much denser than
electrons in CdSe, top panels in Figures 4 and 5, and Auger
processes are important.2®3° Electrons relax faster than holes
in Si and Ge QDs,** Figure 9. Hence, Auger processes should
proceed in opposite directions in Si and Ge QDs compared
with CdSe, PbSe, and GaAs QDs."®2324 Electron and hole
relaxations differ more in Ge than Si QDs.** Therefore, Auger
relaxation should be more important in Ge QDs. Symmetric
DOS renders the Auger channel inefficient, for instance, in
PbSe, bottom panels of Figures 4 and 5. Both electrons and
holes relax by direct coupling to phonons.2#2°

Auger relaxation is efficient only when electrons and holes
are coupled via Coulomb interaction. Time-resolved experi-
ments in CdSe QDs show that intraband relaxation is fast even
if holes are decoupled from electrons through either surface
hole trapping or electron injection into neutral dots.*°
Decoupled carriers decay via phonons. Simultaneous relax-
ation by combination of electron—phonon and Auger path-
ways was addressed in ref 36. The importance of surface
ligands and carrier separation was noted in ref 45. Only
static atomistic calculations of Auger processes have been
performed thus far.'”~'® Time-domain simulations are cur-
rently under way. They involve many states and are com-
putationally demanding.
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Surface Effects and Quantum Dot Charging

Surfaces create charge traps and provide high-frequency
phonons associated with surface ligands.*>*® “Magic” size
clusters successfully self-heal.'®232427 However, traps asso-
ciated with dangling chemical bonds, missing atoms, and
other defects can be eliminated only by molecular ligands and
core/shell designs.'?

Core/Shell Designs Reduce Surface Defects. Surface
passivation by inorganic shells or organic ligands may be
expected to dramatically change QD DOS. To test this pos-
sibility, compare the DOS of Cdss;Sess; and core/shell
Cds3Sess/ZnzsS7g, top panel in Figure 4. If unpassivated QDs
had preserved bulk structure, multiple unsaturated surface
bonds would have introduced bandgap states. Surface
reconstruction can eliminate gap states, particularly if surface
atoms have no more than one dangling bond. Our
calculations'®2324 show that surface reconstruction is main-
tained at finite temperatures. Reconstruction is subtle and pre-
serves bulk topology. Remarkably, surface reconstruction is
nearly equivalent to a shell layer, Figure 4. Because ZnS has
a much larger bandgap than CdSe, band-edge states of the
core/shell structure originate from the core. CdSe and CdSe/
ZnS DOS differ significantly only at higher energies. Low-en-
ergy CB states are localized entirely on the core, while low-
energy VB states have notable shell contributions. PbSe is
much less susceptible to surface effects compared with CdSe.
Surface reconstruction is less effective in eliminating gap states
in small Si and Ge QDs,** which require hydrogen atoms or
other ligands, Figures 9 and 10.

Ligands Saturate Dangling Bonds and Accelerate
Electron—Phonon Relaxation. Ligand contribution to QD
excitation dynamics is exemplified with Si and Ge QDs in Fig-
ures 9 and 10. Ab initio calculations showed** that quantum
confinement makes electron and hole DOS more symmetric
in Si and Ge QDs compared with bulk. Despite symmetric
DOS, electrons decay faster than holes, Figure 9b,c. Asymmet-
ric relaxation can be rationalized by stronger electron—
phonon coupling in the CB, due to larger contributions of high-
frequency phonons associated with Ge—H and Si—H surface
bonds. Figure 10 shows spectral densities of phonon modes
that couple to CB and VB states of Ge,gH4. Low-frequency
motions are Ge—Ge bond vibrations and show little difference
between VB and CB, left panels. Asymmetry is clearly seen in
high-frequency components that originate from Ge—H sur-
face bonds, right panels in Figure 10. Even though low-fre-
quency modes influence electronic energies more than high-
frequency modes (compare amplitudes in left and right panels
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FIGURE 11. Contributions of MEs (top) to excited states of neutral,
anionic, and cationic Pb,Se,4 vs excitation energy relative to the
lowest excitation, Egap, Of the neutral QDs. All excited states in
neutral QDs become MEs at 2.5Eg,. In contrast, small ME
contributions appear in charged QDs at much higher energies.
Electronic absorption spectrum (bottom) of anionic Pb,sSe,. Inserts
show electron—hole excitations that are responsible for different
parts of the spectrum. Charging causes spectral blue-shift, compare
with Figure 6a, and dramatically suppresses MEs due to appearance
of new types of excitations involving the extra CB electron, see top
panel.

of Figure 10), higher-frequency modes have faster velocities
and accelerate charge relaxation through velocity dependence
of NA coupling.2® CB states of Ge are more delocalized onto
the surface than VB states, see inserts in Figure 10. This is in
contrast to CdSe, in which surface states contribute to VB and
holes are easily trapped by ligands.'#4°

Charges Dramatically Change Electronic Properties.
Charging blue-shifts optical spectra, Figure 11, causing QD
blinking.*” Even though many low-energy excited states
appear in charged QDs, these states are optically inactive.
They accelerate nonradiative relaxation to the ground state.
Electronic transitions inside VB and CB of charged QDs dom-
inate low-energy excitations and push SEs and MEs to higher
energies.*® For instance, the first SE is at 2.9 eV in neutral
PbsSe, and 4.2 eV in anion, compare Figures 6 and 11. Some
ME character appears at 14 €V in anion,*® while nearly 100%
of MEs are seen at 8 eV in neutral Pb,Se,.2” Anion excita-
tions at 8 eV are mixtures of CB and SE transitions, rather than
MEs. Ab initio atomistic calculations show that ME detection is
much more difficult in charged QDs.*®

Conclusions and Outlook

Ab initio modeling of excited-state dynamics in energy and
time domains generates valuable insights into semiconduc-

tor QD properties. TDDFT combined with NAMD simulates
complex evolutions of coupled electronic and vibrational
degrees of freedom as it occurs in nature. Compared with
EMT and tight-binding calculations that predict highly
degenerate energy levels in QDs, ab initio calculations dem-
onstrate that atomic structure, surface effects, core/shell
interactions, thermal fluctuations, and Coulomb coupling
break degeneracies and create complicated distributions of
electronic levels. Ab initio descriptions directly illustrate non-
ideal processes and generate input for modifications and
extensions of phenomenological models. They show that
surface reconstruction significantly changes QD bandgaps.
Ligand and shell layers saturate surface dangling bonds and
alter high-energy regions of CB and VB, while ligand high-
frequency modes create strong electron—phonon coupling.
QD charging gives rise to intraband transitions that show lit-
tle optical activity but dramatically modify the nature and
energy of excited electronic states. Charging also blue-shifts
absorption spectra and increases ME thresholds.

Electron—phonon interactions induce two distinct processes
in QDs: dephasing and relaxation. Superpositions of electronic
states, created by Coulomb interaction during photoexcita-
tion and subsequent time evolution, dephase into incoher-
ent mixtures of states. Dephasing is ultrafast if it involves
electronic states with substantially different energies and spa-
tial densities. Examples include superpositions of SEs and MEs
and ground and excited states. ME fission into independent
SEs occurs by dephasing that is much slower, since MEs are
typically formed by SEs that are close in energy. Time-domain
modeling of electron—phonon relaxation unified two seem-
ingly contradicting experimental observations: despite large
spacings between optical lines, phonon bottleneck to
electron—phonon relaxation exists only under very special
conditions. Except for lowest excitation energies, electronic
energy spacing matches phonon frequencies. QD spectra are
composed of multiple individual excitations that combine into
distinct bands according to optical selection rules. Selection
rules are much less stringent for electron—phonon transitions.
Even though relatively few excitations are strongly optically
active, most excited electronic states participate in phonon
relaxation.

Rapid development of ab initio approaches forms a solid
foundation for further simulation advances in the near future.
Auger processes are particularly important in nanoscale mate-
rials. At this point, they have been modeled only by time-in-
dependent phenomenological and pseudopotential methods.
Time-domain simulations of Auger processes involve many
electronic states. This computational challenge is currently
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being overcome using sparse matrix techniques. The results
reviewed above are limited to small QDs and a few systems.
With increased computational power, the current methods will
be applied to larger QDs and more diverse materials involv-
ing realistic ligands, surface defects, and variable core/shell
compositions.*® Longer-scale simulations of luminescence
quenching and phonon bottleneck will become possible. Pho-
tovoltaic assemblies of QDs with other materials, such as
molecular chromophores, polymers, and inorganic semicon-
ductors present new theoretical questions. The issues raised
here with electronic states in semiconductor QDs find close
similarities with spin states and metallic QDs. Ab initio
approaches in time and energy domains will greatly advance
our understanding of the QD properties that govern solar
energy harvesting and many other applications.
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