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ABSTRACT

Hot carriers in semiconductors are electrons and/or holes that have energies greater than carriers that reside at the top and bottom of the
conduction and valence bands, respectively; the latter carriers are in equilibrium with the lattice and have a temperature equal to the lattice
(ambient) temperature. Hot carriers are created in semiconductors upon the absorption of photons with energies greater than the bandgap.
The excess energy above the bandgap energy is in the form of kinetic energy. The hot carriers can cool to the lattice temperature via
electron–phonon scattering and establish separate Boltzmann distributions for electrons and holes at the band edges. Thus, upon cooling, the
excess kinetic energy of the hot carriers is transformed into heat and is unavailable to be converted into electrical or chemical free energy in a
solar photon-converting cell. This hot-carrier cooling process significantly limits the maximum possible power conversion efficiency (PCE) of
the free energy of solar photons into electrical free energy or chemical free energy in chemical bonds of fuels. However, if hot-carrier cooling
can be slowed such that the hot carriers can be extracted before cooling to create higher photovoltages, or utilized to create additional
electron-hole pairs through carrier multiplication, then beneficial use can be made of the excess energy of hot carriers and the maximum ther-
modynamic PCE can be dramatically increased. Quantization effects in semiconductor nanostructures, unique properties of some bulk semi-
conductors, and exciton multiplication in both semiconductors and molecular chromophores that undergo singlet fission have shown a path
forward for potential dramatic increases in the PCEs of solar photons into electricity and solar fuels. The status, history, and future promise
of the science and technology of these future approaches for different types of photovoltaic cells and cells for solar fuels will be discussed.
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I. INTRODUCTION AND FUNDAMENTALS
A. Formation and cooling of hot carriers in
semiconductors and singlet fission in molecules

When a photon is absorbed in a crystalline bulk semiconductor
with an energy greater than the bandgap, an electron-hole pair is
formed.1–4 The distribution of the excess photon energy between pho-
togenerated electrons in the conduction band and photogenerated
holes in the valence band depends upon the effective masses of these
charge carriers; the carriers having the smallest effective mass retain
the greatest fraction of the excess photon energy. For moderate photon
energies in excess of the bandgap (less than �100meV) and for para-
bolic bands, the distribution of the excess energy above the bandgap
energy between the photogenerated electron and hole is given by

DEe ¼ hv � Eg
� �

1þm�e=m
�
h

� ��1
(1)

and

DEh ¼ hv � Eg
� �

� DEe; (2)

where m�e and m�h are the effective masses of electrons and holes,
respectively, DEe is the energy difference between the initial energy of
the photogenerated electron and the energy of the conduction band
edge, and DEh is the energy difference between the initial photogener-
ated hole energy and the valence band edge (Fig. 1).1–3 The excess
energies of the photogenerated electrons and holes are in the form of
kinetic energy and both these charge carriers are far from equilibrium;
they are termed hot carriers because their energies are higher than the
energies of thermally equilibrated electrons and holes that exist within
kT of their respective band edges.1,4–12 Generally, the non-equilibrium
condition passes through 4 successive stages to reach equilibrium: (1)
initially at t¼ 0, the photogenerated hot electrons and holes exist as

two separate populations, both non-equilibrated (meaning they both
cannot be assigned carrier temperatures); (2) after less than �100 fs
the initial population of high energy carriers and native cold carriers
equilibrate among themselves via separate electron–electron and
hole–hole scattering; if the inter-carrier scattering is stronger than
external forces that could continue to drive non-equilibrium, the two-
carrier populations can form two separate Boltzmann distributions
with two hot-carrier temperatures defined for both photogenerated
electrons and holes (no energy has been lost at this point); (3) at later
times of the order of ps or less, the hot electrons and/or holes interact
with phonons (lattice vibrations of the semiconductor atoms) to dissi-
pate the excess kinetic energy as heat via phonon emission and reach
the lattice temperature (i.e., the ambient temperature which is lower
than the initial hot-electron and hot-hole temperatures); and finally,
(4) after time scales ranging from nanoseconds to microseconds, the
excess photogenerated electrons and holes recombine through radia-
tive and non-radiative channels to bring the carrier density back to its
original condition in the dark before photoexcitation.1

Hot carriers can be photogenerated by the absorption of either
supra-bandgap light pulses or via steady-state illumination. For con-
tinuous optical excitation, a steady-state population of excited, non-
equilibrated carriers is produced; the characteristics of this steady-state
population depends upon the balance between the rate and energetics
of carrier photogeneration and the kinetics of the various equilibration
pathways.

The dynamics of hot-carrier formation and relaxation to equilib-
rium is more easily discussed within the context of pulsed excitation of
monochromatic light. If photon absorption produces electrons and
holes, each with initial excess kinetic energies at least kT above the
conduction and valence bands, then both initial carrier temperatures
are always above the lattice temperature—hence, the term hot carriers
(hot electrons and hot holes).1

Equilibration of the hot carriers with the lattice (i.e., carrier cool-
ing) is achieved through carrier-phonon scattering (phonon emission

Excess e–

kinetic
energy

Carrier relaxation/cooling
(conversion of carrier
kinetic energy to heat by
phonon emission)

Excess h+

kinetic
energy

ΔEe

ΔEh

Eg hν >Eg
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e–

h+
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FIG 1. Hot-carrier relaxation/cooling in semiconductors. Reprinted with permission
from A. J. Nozik, Annu. Rev. Phys. Chem. 52, 193–231 (2001). Copyright 2001
Annual Reviews, Inc.1
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through interactions with electrons and/or holes); at high hot-carrier
energies, the cooling involves longitudinal optical (LO) phonons and
at lower carrier temperatures, acoustic phonons are involved. The
cooling may occur by each carrier undergoing a stepwise cascade of
interactions with phonons or in an Auger process in which the excess
energy of one carrier type is transferred to the other type, which then
undergoes faster phonon scattering. These processes produce carrier
cooling; some researchers refer to cooling as carrier thermalization,
but this latter terminology can cause confusion with the first stage of
equilibration described above that establishes a Boltzmann distribution
among the carriers.1 Hence, we restrict the term thermalization to the
first stage of carrier relaxation and refer to the second stage that
involves carrier-phonon interactions as carrier cooling.1 Another pos-
sible important process that could follow the photoexcitation of semi-
conductors is spatial separation and transport of the photogenerated
electrons and holes. The separated photogenerated carriers can subse-
quently be collected in a photoconversion device to generate a photo-
voltage and a photocurrent (photovoltaic effect);1,4–10 or alternatively,
the separated carriers can drive coupled electrochemical oxidation and
reduction reactions (generally called redox reactions) at a
semiconductor-electrolyte interface; this latter process is termed pho-
toelectrochemical energy conversion (PEC).8 Photoelectrochemistry
can drive endoergic electrochemical reactions uphill in energy thereby
forming chemical fuels (a positive free energy change) or they can
drive exoergic reactions downhill (a negative free energy change) that
is frequently termed photocatalysis (there is some ambiguity in the lat-
ter nomenclature since driving an endoergic reaction uphill faster
could also be considered photocatalysis).1,8

Applications that involve conversion of radiant energy to electri-
cal or positive chemical free energy changes have an ultimate thermo-
dynamic limit on the conversion efficiency (first derived by Shockley
and Queisser4) of about 33% for carriers fully equilibrated with the lat-
tice in a single threshold (single bandgap) semiconductor photo-
converter.4 However, this conversion efficiency can be increased
theoretically to about 66% for photoconversion utilizing hot carriers
that have not undergone any degree of cooling via interaction with
phonons and are therefore converted at their initial hot-carrier
temperatures.1,8–10

Two fundamental ways exist to utilize hot carriers for enhancing
the efficiency of photon conversion in semiconductors. One way pro-
duces a higher photopotential (photovoltage) for useful work and the
second way produces a higher photocurrent. The former requires that
the hot carriers be extracted from the photoconverter to do useful
work before they cool,1,8–12 whereas the latter requires the hot carriers
to produce a second (or more) electron-hole pair through carrier mul-
tiplication12–31 (a process labeled impact ionization in bulk semicon-
ductors1,2). This latter process is the inverse of an Auger process
whereby one of two electron-hole pairs recombine and pass the
recombination energy to the remaining electron-hole pair to produce
a single highly energetic electron-hole pair. To achieve the hot-carrier
extraction process, the rates of photogenerated carrier separation,
transport, and interfacial charge transfer across the semiconductor-
molecule interface must all be fast compared to the rate of hot-carrier
cooling. The hot-carrier process of carrier multiplication requires that
the rate of multiplication be greater than the rate of carrier cooling
and other possible competing carrier relaxation, transport, and trap-
ping processes.1

Because hot electrons and hot holes in conventional semiconduc-
tors used for photovoltaic (PV) solar cells usually have different effec-
tive masses, they generally cool at different rates; for most inorganic
semiconductors, the effective masses of electrons are significantly
lighter than holes and therefore, electrons cool more slowly. Another
important factor for hot-carrier cooling dynamics is that the cooling
rates are dependent upon the photogenerated density of hot carriers
(i.e., the absorbed light intensity).1,32–34 Since most of the dynamical
effects we discuss here are dominated by electrons rather than holes,
we limit our subsequent discussion of hot-carrier dynamics primarily
to the relaxation dynamics of photogenerated hot electrons.

A very important scientific development regarding the relaxation
dynamics of hot carriers in semiconductors has been the proposal and
experimental verification1,9,11–34 that the relaxation dynamics may be
dramatically altered by quantization effects in semiconductors (i.e., in
semiconductor quantum wells, quantum wires, quantum dots, super-
lattices, and nanostructures/nanocrystals). Namely, when hot carriers
in the semiconductor are confined by potential barriers to regions of
space that are smaller than or comparable to their de Broglie wave-
length or to the Bohr radius of excitons in the semiconductor bulk,
their relaxation dynamics and pathways can be dramatically affected;
specifically, the hot-carrier cooling rates may be greatly reduced and
the rate of carrier multiplication could be enhanced and exceed the
rate of hot-carrier cooling.1,11–34 In these quantum-confined semicon-
ductor nanostructures, the electrons and holes are squeezed together
so closely that they become correlated and form excitons, even at
room temperature, and the process of carrier multiplication is then
called multiple exciton generation (MEG).14

Finally, also in recent years, an analogous effect to MEG has
been recognized in molecular chromophores; this photochemical
process in molecular chromophores is termed singlet fission
(SF).35–40 Singlet fission can occur in dimolecular chromophores
that have a triple-state energy (T1) that is close to 1=2 the energy of
the first allowed optical transition (S0 – S1); upon photoexcitation to
S1 exciton, multiplication can occur producing two triplet states
from the singlet state.35–40 The two triplet states can then undergo
charge separation resulting in two electrons and two positive holes
that move in opposite directions and are separately collected in pho-
toconversion devices that will enhance the photocurrent by creating
two charge carriers per absorbed single photon. Furthermore, the SF
process has been shown to have a total quantum yield of 200% at the
photon energy where it is approximately twice the HOMO–LUMO
transition energy, thus maximizing the power conversion efficiency
of these absorbed photons. The SF exciton multiplication process
requires that the molecular entity consists of two monomers that are
appropriately electronically coupled in either a dimer or oligomer
configuration, or as two monomers closely coupled as neighbors in a
molecular crystal. SF is thus a spin-allowed process since the coupled
electronic configuration of the two triplets is a singlet. Figs. 2(a) and
2(b) show the energetics and overall process of SF.35–40

B. Quantization effects in semiconductors

Quantization effects begin to occur in typical semiconductors
(Groups IV, III-V, II-VI, and IV-VI) when their physical dimensions
range from about 2 to 20nm. In general, charge carriers in semicon-
ductors can be confined by potential barriers in one, two, or three
spatial dimensions (Fig. 3); specifically, at least one of the three

Chemical Physics Reviews ARTICLE scitation.org/journal/cpr

Chem. Phys. Rev. 2, 021305 (2021); doi: 10.1063/5.0028982 2, 021305-3

VC Author(s) 2021

https://scitation.org/journal/cpr


dimensions needs to have its size comparable to or less than the Bohr
radius of excitons in that material; alternatively, the size must be
smaller than the de Broglie wavelength of electrons in that material.
The number of the three spatial dimensions satisfying the size criteria
indicated above define the three regimes of quantum confinement.
These three regimes are termed quantum films, quantum wires
(Qwires), and quantum dots (QDs), respectively.1

When quantization effects in semiconductors were first studied
beginning in the 1970s, they were formed as 1-dimensionally confined

quantum films and were referred to as quantum wells (QWs), multiple
quantum wells (MQWs), single quantum wells (SQWs), or superlatti-
ces (SLs), depending upon the number of well layers and the barrier
thicknesses.41–43 They were produced by molecular beam epitaxy
(MBE) and metallo-organic chemical vapor deposition (MOCVD);1

the generated quantum films represented textbook examples of one-
dimensional quantum wells.41–43 Figure 4 shows the resultant density
of states (DOS) for the different degrees of quantum confinement.1

Details can be found in Ref. 1 of the synthesis, physical structure,
and electronic structure of quantum films (viz., 1D quantum wells), in
specific configurations of single quantum wells, multiple quantum
wells with thick potential barriers between the wells to prevent elec-
tronic coupling between them, and multiple quantum wells with thin
barriers (termed superlattices), which allow electronic coupling (wave-
function overlap) between wells resulting in the creation of delocalized
electron density between the wells and quantized miniband formation
throughout the 1D superlattice structure. Figure 5 shows the difference
in electronic energy level structure between Multiple Quantum Wells
(MQWs) and superlattices (SLs).

For high temperature, vapor-phase–grown nanostructures, the
critical barrier thickness at which miniband formation in superlattices
begins depends upon the effective masses of the tunneling carriers and
the barrier height. For a GaAs/AlxGa1-xAs superlattice, the critical bar-
rier thickness is reported to be about 40 Å;41 the electronic coupling
and miniband thickness increases rapidly with decreasing barrier
thickness, and miniband formation is very strong below 20 Å41 (see
Fig. 18, and chapter 1 of Ref. 41). Superlattice structures produce effi-
cient charge transport normal to the layers because the charge carriers
can move through the minibands via efficient quantum-mechanical

Singlet Fission: Two Triplets from a Singlet
(molecular analog of MEG)
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(b)
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FIG. 2. (a) Energetics of singlet fission. For SF to occur in
molecules, its triplet state T1 needs to be about 1=2 the energy
of S1 – S0. Reprinted with permission from Smith and Michl,
Chem. Rev. 110, 6891–6936 (2010). Copyright 2010
American Chemical Society.36 (b) Net result of singlet fission
for diphenylisobenzofuran (DPIBF). Two identical molecular
entities need to interact so that the photogenerated double-
triplet state is spin-allowed. Reprinted with permission from
Johnson et al., Accts. Chem. Res. 46(6), 1290–1299 (2013).
Copyright 2013 American Chemical Society.150
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Phys. Chem. 52, 193–231 (2001). Copyright 2001 Annual Reviews, Inc.1
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tunneling; the narrower the barrier, the wider the miniband and the
higher the carrier mobility.

Three-dimensional confinement in QDs is usually produced
through relatively simple colloidal solution chemistry under ambient or
moderate temperatures; this is a great advantage of colloidal quantized
semiconductor synthesis. Qwires can also be produced via colloidal
chemistry.44 Quantum films formed as colloidal nanocrystals with the
dimensions of the flat planar surface in the nanometer range are termed
nanoplatelets; depending upon the size and geometric shape of the pla-
nar surface, these nanoplatelets may or may not be quantum confined
in only 1 dimension, but could be quantum confined in 2–3 additional
dimensions. Quantized nanostructures may also be formed via
MOCVD and MBE growth techniques; when confined in three dimen-
sions, such QDs are termed Stranski–Krastinov (SK) quantum dots.
Further information on the formation of SK dots is presented in Ref. 1.

Thus, there are many 3D geometric forms of nanostructures; if at
least one of the 3 dimensions are in the quantum regime (2 to 20nm),
then the nanoparticles are classified as quantized nanoparticles.

However, nanoparticles in the nanoscale regime can also be too big to
produce quantum effects (i.e., they are bigger than the Bohr radius or
de Broglie wavelength of the relevant carriers), but they can still exhibit
interesting properties, like slow hot-carrier cooling, that are a conse-
quence of their geometric shape or other unique physical characteristics.
For example, for the case of 1D nanostructures with the radial dimen-
sion outside the size for quantum effects, the materials are referred to as
nanowires or nanorods rather than quantum wires (Qwires).

During the past decade, nanowires have been studied and show
interesting effects normally attributed to quantization, including slowed
hot-carrier cooling,45–47 and significant PCEs in nanowire solar cells.48–51

True quantum wires (Qwires) also exhibit the interesting effects of slow,
hot electron cooling and enhanced MEG, but they arise from quantum
confinement.52,53 All these effects will be discussed in the appropriate
sections to follow in this review. However, the focus of this review is on
quantization effects in quantum films and quantum dots; this is because
the volume and extent of this research is presently much greater than for
Qwires or nanowires. Thus, the following sections: Secs. IC–IF, IIA,
IIB, IV, VA, VB, VI, and VIII will present much more fundamental
background information on QWs, MQWs, superlattices, and QDs.
Notwithstanding, Qwires and nanowires are very interesting and
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promising nanocrystals that also have a significant potential to impact
the basic science and various applications of nanostructures.

C. Energy levels and density of states in quantum wells
and superlattices

Discrete energy levels are formed in the quantum wells as elec-
trons or holes are confined by the potential barriers of the well, com-
pared to the continuum of states that exists in bulk material;
quantization also leads to a major change in the density of states. The
energy levels can be calculated by solving the Schr€odinger equation for
the well-known 1D “particle in a box” problem using the effective
mass envelope function approximation;41–43,54–58 details are presented
in Ref. 1.

For the case where the well is infinitely deep with infinitely high
barriers, the solution to the Schr€odinger equation becomes simple
because the wave functions must be zero at the well-barrier interfaces.
In this case, the well-known solution is

W ¼ Asin
npz
Lw

; (3)

En ¼
h2

2m�
np
Lw

� �2

; n ¼ 1; 2; 3; …; (4)

where Lw is the well width and n is the single principal quantum num-
ber. The more realistic case of finite barrier heights and assuming
equal effective masses in the well and barrier is also discussed in Ref. 1.

The calculation of hole levels is much more complicated because
the band structures of many important semiconductors have hole
bands with four-fold degeneracy at k¼ 0. This leads to heavy and light
holes with different effective masses. Consequently, in the QW, a dou-
ble set of hole energy levels is formed with different spacings between
levels—one set is for the light holes, the second set is for the heavy
holes. Solutions to the problem have been reported for both infi-
nite43,54 and finite55,66 potential barriers.1

For superlattices, several approaches have been used to calculate
the energy level structure of the minibands.42,57 One approach is to
use a tight-binding model for the multiple wells leading to a Bloch-like
envelope function.1

Profound changes in the density of states [DOS or N(E)] occurs
with changes in the dimensionality of quantization (Refs. 57 and 58,
and Fig. 4). For ideal bulk semiconductors with simple parabolic
energy bands, the DOS has a square root dependence on electron
energy1

N Eð ÞBulk ¼
ffiffiffi
2
p

m�ð Þ3=2p�2h�3E1=2: (5)

For an ideal QW film with 1 degree of spatial confinement, the DOS
shows a step-like function with each plateau having a DOS of

N Eð ÞQW ¼ nm�=ph2; (6)

where n is the quantum number of the state.1 The steepness of the
steps is diminished in a superlattice by the dispersion of the N states in
the minibands.1 For 2D confined quantum wires, the DOS shows a
smooth decreasing function between spikes at the principal quantum
numbers, while for 3D confined QDs, the DOS show single sharp lines
at each principal quantum number, as in a simple ideal atom.

D. Energy levels and density of states in quantum dots

The effective mass approximation (EMA) is the earliest and sim-
plest treatment of the electronic states of a QD; the simple EMA treat-
ment can be improved by incorporating the k • p approach that has
been commonly used to calculate the electronic structure of bulk semi-
conductor and QW structures.

The major assumption of the EMA is that if the QD size is larger
than the lattice constants of the crystal structure, then the QD will
retain the lattice properties of the infinite crystal and have the same
values of the carrier effective masses.1 The QD electronic properties
are determined by solving the Schr€odinger equation for a particle in
3D confinement. A perfectly spherical QD with infinite potential walls
at the surface is a proper zeroth order approximation.

Perturbation theory59,60 leads to a solution of the form

Emin ¼
h2p2

2R2

1
m�e
þ 1
m�h

	 

� 1:8e2

eR
� 0:25E�Ryd; (7)

where Emin is the lowest energy separation between hole and electron
states, E�Ryd is the bulk exciton binding energy in meV, and R is the
QD radius. Even though there are no bands in a quantized nanocrys-
tal, Emin is often simply referred to as the bandgap of the QD because
it represents the threshold energy for photon absorption, blue-shifted
from the bulk bandgap, Eg.

For 3D spatial confinement in QDs, the solution of the
Schr€odinger equation creates electronic states described by three quan-
tum numbers plus spin. A commonly used notation1 labels the elec-
tron states as nLe and the hole states as nLF, where n is the principal
quantum number (1, 2, 3, etc.), L is the orbital angular momentum (S,
P, D, etc.), and F is the total angular momentum (F¼ L þ J and J¼ L
þ S), where S is the spin, and the projection of F along a magnetic axis
is mF¼ – F to þ F. Thus, electron states become 1Se, 2Se, 1Pe, etc.,
and hole states become 1S1/2, 1S3/2, and 1P1/2, etc. For optical inter-
band transitions between quantized hole and electron states in ideal
spherical QDs, the selection rules are Dn¼ 0, DL¼ 0, 62; and DF¼ 0,
61. These ideal selection rules can be broken by non-spherical QDs
and strong hole-state mixing.1

E. Optical spectroscopy of 1D quantum wells
and superlattices

Optical transitions between quantum levels occur upon excita-
tion with light. The interband transition probability is the product of
an optical matrix element (M) times a DOS. M is the electric dipole
operator and can be written as1,58

M ¼ ue zð Þeike•rUcke rð Þ gj juh zð Þeikh•rUvkh rð Þ
� �

; (8)

where ue(z) and uh(z) are the electron and hole envelope wave func-
tions, ke and kh are electron and hole wave vectors, g is the polariza-
tion vector of the light, and Uvkh(r) are the Bloch functions. Based on
Eq. (8), the selection rule for optical interband transitions is that
Dn¼ 0, where n is the quantum number of the energy level in the
well. Some additional factors affecting optical transitions are described
in Ref. 1.

Thus, the optical absorption spectrum of a quantum film consists
of a series of steps, with the energy position of these steps correspond-
ing to the transitions between heavy or light hole–quantum states and
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electron quantum states following the above selection rule Dn¼ 0.
Furthermore, the exciton binding energy is greatly increased in QWs
because the widths of the wells are commonly smaller than the diame-
ter of an exciton and the excitons can thus be stable even at room tem-
perature. Therefore, unlike bulk semiconductors, the absorption
spectra of QWs can show exciton peaks at room temperature which
occur at energies below that of the energy step. Such spectra have
indeed been observed by many researchers.41–43,54–58

F. Optical spectroscopy of quantum dots

QDs exhibit the same general optical absorption and emission
photophysical properties as QWs and SLs; the probability for dipole-
allowed optical transitions is proportional to the following matrix ele-
ment connecting the initial [Wi(r)] and final [Wf(r)] states through the
dipole operator (g):

MQD ¼ hWf ðrÞjĝjWiðrÞi: (9)

The wave functions for 3D confinement have three quantum
numbers (n, l, m) plus spin, and for interband transitions, the selection
rules for dipole-allowed absorption and emission are Dn¼ 0. For
intraband transitions between the ladder of electron or hole states, the
selection rules for the simplest case of noninteracting electrons and
holes are Dn 6¼ 0; DL¼ 0, 6 1; and Dm¼ 0, 6 1.

The room-temperature absorption and emission spectra as a
function of indium phosphide (InP) QD sizes ranging from 26 to 60 Å
[measured by transmission electron microscopy (TEM)] are shown in
Ref. 61; the exciton energy for emission spectra was 2.48 eV. The
absorption exhibits one or more broad excitonic peaks which reflect
substantial inhomogeneous line broadening arising from the QD size
distribution; as expected, the spectra shift to higher energy as the QD
size decreases.61 Bulk InP is black having an absorption onset at
918 nm which relates to a room-temperature bandgap of 1.35 eV.
Higher energy transitions above the first excitonic peak in the absorp-
tion spectra can also be easily seen in QD samples with mean diame-
ters equal to or greater than 3nm. The global emission peaks show an
increasing red shift up to a maximum of 300meV at 26 Å. caused by
the dominance of the larger particles in the size distribution.61

II. HOT-CARRIER RELAXATION DYNAMICS
IN QUANTIZED AND NON-QUANTIZED
SEMICONDUCTORS
A. Hot electron cooling dynamics in quantum wells
and superlattices

Studying hot-electron cooling dynamics is very critical for under-
standing the creation of hot-carrier effects; the slower the hot-carrier
cooling, the more likely will the beneficial effects be realized of hot-
carrier photoconversion to electricity and solar fuels. Several types of
time-resolved photoluminescence (PL) experiments can produce very
useful information about hot-carrier cooling dynamics. Hot lumines-
cence nonlinear correlation1,62–64 measurements is one such technique.
As an example, in Fig. 2 of Ref. 52, the hot-electron relaxation times as
a function of the electron energy level in the 1D quantized well regions
are shown for a 20-period MQW of GaAs/Al0.38Ga0.62As containing
250 Å GaAs wells and 250 Å Al0.38Ga0.6 As barriers, compared to the
energy level above the bandgap for bulk GaAs. For bulk GaAs, the hot-
electron relaxation time varies from about 5 ps at the highest excitation
energy to 35 ps near the bottom of the conduction band. For the

MQW, the corresponding hot-electron relaxation times are 40 ps and
350 ps for the same excess photon energy above the bandgap.

Another technique to measure PL lifetimes of hot electrons
involves using time-correlated single photon counting.33 For example,
Fig. 1 from Ref. 33 (shown here in Fig. 6) shows 3D plots of PL inten-
sity as a function of energy and time for bulk GaAs and a 250 Å GaAs/
250 Å� Al0.38Ga0.62As MQW.1,33 These plots clearly show that MQWs
exhibit much longer-lived hot luminescence (i.e., luminescence above
the lowest n¼ 1 electron to heavy-hole transition at 1.565 eV) com-
pared to bulk GaAs. The hot PL for the MQW exhibits longer lifetimes
that range from hundreds to several thousand ps. On the other hand,
hot PL emission above the bandgap (1.514 eV) for bulk GaAs is negli-
gible over most of these photon energy and time regimes.

The cooling (energy–loss) rate for hot electrons is determined by
longitudinal optical (LO) phonon emission through electron-LO-pho-
non interactions. The time constant characterizing this process can be
described by the following expression:1,65–67

Pe ¼ �
dE
dt
¼ hxLO

savg
exp �hxLO=kTeð Þ; (10)

where Pe is the power loss of electrons (i.e., the energy-loss rate), hxLO

is the LO phonon energy (36meV in GaAs), Te is the electron temper-
ature, and savg is the time constant characterizing the energy-loss rate.

The results of calculations determining savg as a function of elec-
tron temperature1,33 from Eq. (10) is shown in Fig. 2 of Ref. 33 for
bulk and MQWGaAs at high and low carrier densities. The savg values
at a high carrier density [nc � (2 – 4) �1018 cm�3] for the MQW are
much higher (savg¼ 350–550 ps for Te between 440 and 400K), com-
pared to bulk GaAs (savg ¼ 10–15 ps over the same Te interval).
Alternatively, at a low carrier density [nc � (3–5) 1017 cm�3], the dif-
ferences between the savg values for bulk and MQWGaAs are minor.

A third technique to measure cooling dynamics is PL upconver-
sion.1,33 In Ref. 33, time-resolved luminescence spectra were recorded
at room temperature for a 4000-Å bulk GaAs sample at the incident
pump powers of 25, 12.5, and 5 mW. The electron temperatures were
determined by fitting the high-energy tails of the spectra; The carrier
densities for the sample were 1 � 1019, 5 � 1018, and 2 � 1018 cm�3,
corresponding to the incident excitation powers of 25, 12.5, and 5
mW, respectively. Similarly, spectra for the MQW sample were
recorded at the same pump powers as the bulk. Figure 6 presents the
savg for bulk andMQWGaAs at the three light intensities, again show-
ing the much slower cooling in MQWs (by up to two orders of
magnitude).

Differences in hot-electron relaxation rates between bulk and 1D
quantized GaAs structures can also be obtained from time-integrated
PL spectra. Typical results are shown in Fig. 7. Here, single photon
counting data were taken with 13 ps pulses of 600 nm light at 800 kHz
focused to an average power of 25 mW.1 Fitting the tails of these PL
spectra to the Boltzmann function produced time-averaged electron
temperatures that varied from 860K for the 250 Å/250 Å MQW to
650K for the 250 Å/17-Å superlattice, whereas bulk GaAs had an elec-
tron temperature of 94K, close to the lattice temperature of 77K.

Thus, much data from many independent studies using different
spectroscopic techniques show that hot-carrier cooling rates depend
upon photogenerated carrier density; the higher the electron density,
the slower the cooling rate. Furthermore, this effect is most pro-
nounced for quantized nanostructures, but is also found in bulk GaAs,
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but as a much weaker effect. The most generally accepted mechanism
for the decreased cooling rates in GaAs QWs is an enhanced “hot-
phonon bottleneck”69–71 (Fig. 8).

In this mechanism, a large population of hot carriers produces a
nonequilibrium hot distribution of phonons (in particular, LO pho-
nons that dominate the electron–phonon interactions at high carrier
energies); these LO phonons cannot equilibrate fast enough with the
crystal bath, and thus, they can be reabsorbed by the electron plasma
to keep it hot.

The S-Q type PCE calculation as a function of the hot electron
temperature is presented in Fig. 9 in the limit of very slow cooling
whereby all hot carriers can be extracted for useful free energy produc-
tion. In this case, at the earth’s surface under AM1.5 solar excitation
(see Sec. VA for definition of AM1.5), the electron temperature

reaches 3000K and the theoretical maximum PCE is calculated to be
about 66%.

For non-quantized bulk semiconductors, another approach to
the study of slowed hot-carrier dynamics is to investigate semiconduc-
tors that have large differences between their acoustic and optical pho-
non energies (such as the Group III-nitrides); when present, the
transition of optical phonons into acoustic phonons which couple to
the lattice in the last step of carrier cooling, is blocked.72,73 This
approach is another type of phonon bottleneck but does not require
the generation of a large density of hot electrons followed by hot pho-
nons. However, the number of semiconductors with the required pho-
non characteristics that have been studied thus far is rather limited.

A very recent new approach to understanding and realizing
slowed cooling and utilization of hot carriers for non-quantized solar
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FIG. 6. Three-dimensional plots of photolu-
minescence intensity vs time and photon
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cence tail from hot-carrier radiative emis-
sion. Reprinted with permission from
Rosenwaks et al., from Phys. Rev. B 48,
14675 (1993) Copyright 1993 American
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cells based on bulk semiconductors invokes the role of intervalley scat-
tering from the initially photogenerated and occupied hot carriers in
the C valley to the upper satellite L and X valleys in III-V semiconduc-
tors.74–77 This approach is termed “valley photovoltaics”,74–77 and ini-
tial experimental results74–77 support this possible route to slow hot-
carrier cooling and higher efficiency hot-carrier solar cells.

B. Hot-carrier cooling in semiconductor quantum dots

As discussed and shown previously above, slow hot-electron
cooling in QWs and superlattices that is created by a conventional hot
phonon bottleneck requires very high light intensities to produce the
required high photogenerated carrier density above 1 � 1018 cm�3.
This needed intensity can be achieved with laser excitation, but such a
level of excitation is greater than that provided by one sun solar irradi-
ation at the Earth’s surface. Hence, a conventional hot-phonon bottle-
neck effect cannot easily produce slowed hot-carrier cooling in
semiconductors with 1-sun solar irradiation.1 However, 3D confine-
ment in quantum dots (QDs) is more favorable for slowing hot-carrier
cooling (Fig. 10).

In the quantum dot case, slowed hot-electron cooling occurs
because of the large energy difference between discrete quantum states
and the need for simultaneous multiphonon–electron scattering; this
can occur theoretically even at arbitrarily low light intensity. This effect
is simply called a phonon bottleneck, without the need for high light
intensity and the creation of hot phonons. Thus, as discussed previ-
ously, slowed hot-carrier cooling in QDs can increase the possibility of
carrier multiplication [termed multiple exciton generation (MEG) in
QDS] through an inverse Auger process1,12–34 (Fig. 10).

1. Phonon bottleneck and slowed hot-electron cooling
in quantum dots

The first prediction of slowed cooling at low light intensities in
quantized structures was made by Boudreaux et al.1,11 They
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anticipated that cooling of carriers would require simultaneous multi-
phonon–electron scattering, which is much less probable when the
quantized levels are separated in energy by much more than a single
phonon energy. They analyzed the expected slowed cooling time for
hot holes in the depletion layer of highly doped n-type TiO2 semicon-
ductors, wherein quantized energy levels arise because of the narrow
depletion layer produced by the high doping level. For example, at a
doping level of 1 � 1019 cm�3, the potential well in this space charge
layer can be approximated as a triangular well with its top extending
200 Å from the semiconductor bulk to the surface and with a depth of
1 eV at the surface barrier. The carrier cooling time in this depletion
layer was estimated from

sc � x�1 exp DE=kTð Þ; (11)

where sc is the hot-carrier cooling time, x is the phonon frequency,
and DE is the energy separation between quantized levels.1,11 For
strongly quantized electron levels, with DE > 0.2 eV, sc is greater than
100 ps according to Eq. (11).1,11

In heavily doped semiconductors, carriers present in the space
charge (i.e., depletion) layer at the surface are only confined in one
dimension, as in a quantum film. This quantization regime produces
energy states that have dispersion in k-space.1 Thus, hot carriers can
cool by undergoing interstate transitions that require only one emitted
phonon per electron–phonon scattering event, followed by a cascade
of single phonon–electron intrastate scattering interactions. The lowest
energy level of each quantum state in the depletion layer is reached by
sequential intrastate relaxation events before the final interstate transi-
tion occurs to the lowest state level. Therefore, the simultaneous and
slow multiphonon–single electron relaxation pathway can be bypassed
by single phonon–electron scattering events, and the cooling rate
increases correspondingly.1

Advanced theoretical models have been proposed by Bockelmann
and co-workers78,79 and Benisty and co-workers.80,81 for slowed cooling
in QDs. This mechanism80,81 for slowed hot-carrier cooling and a

phonon bottleneck in QDs depends upon hot-carrier cooling occurring
only via longitudinal optical (LO) phonon emission. However, several
other mechanisms exist by which hot electrons can cool in QDs. The
most prominent among them is the Auger mechanism82 discussed pre-
viously. In this mechanism, the excess energy of the electron is trans-
ferred via an Auger process to the hole, exciting it to higher energy, and
the excited hole then cools rapidly because of its larger effective mass
and smaller energy-level spacing in the quantum well occupied by holes.
Thus, such an Auger mechanism for hot-electron cooling can break the
phonon bottleneck.82 Other possible mechanisms for breaking the pho-
non bottleneck are: electron-hole scattering,83 deep-level trapping,84 and
acoustical–optical phonon interactions.85,86

2. Experimental determination of the cooling dynamics
and phonon bottlenecks in quantum dots

In prior years, many studies have been published that explore
hot-electron cooling/relaxation dynamics in III-V QDs and the issue
of a phonon bottleneck in QDs.1,87 The results are controversial and
there are many reports that both support88–102 and contradict103–115

the prediction of slowed hot-electron cooling in QDs and the existence
of a phonon bottleneck.1 Some reports claiming an absence a phonon
bottleneck do so because the time of cooling was not sufficiently long
enough (i.e., > several ps) to qualify as slow cooling. However, in the
context of hot electron extraction for useful work, it has been shown in
Refs. 116–118 that the electron transfer times at semiconductor–mole-
cule interfaces can be sub-ps to a few ps, and hence, hot electron cool-
ing times of 5 to 10 ps would be sufficiently long for hot electron
transfer to occur, especially in the context of solar fuels production.

In addition to studies on slowed carrier cooling conducted on
SK-type III-V QDs, studies of carrier cooling and relaxation have also
been performed on II-VI CdSe colloidal QDs by Klimov
et al.1,108,110–121 and Guyot-Sionnest et al.;1,88 the results are discussed
in Ref. 1. These studies support the Auger mechanism for hot-carrier
cooling, whereby the excess energy of the hot carrier is rapidly trans-
ferred to the lowest energy carrier of the opposite sign that has a higher
density of states (DOS), which then relaxes rapidly through its higher
DOS. Thus, for example, when a cold photogenerated hole is rapidly
removed and trapped at the QD surface, the Auger mechanism for hot
electron relaxation becomes inhibited and the hot electron relaxation
rate slows. Other dynamical studies of hot-carrier relaxation also
strongly support an Auger mechanism for relaxation process in QDs
(reviewed in Ref. 1).

It is noted that the same QD systems studied by different
researchers using different spectroscopic techniques also showed
both slowed cooling and fast cooling when different experimental
techniques were used. This suggests a strong sample-history depen-
dence122,123 for the results; for example, the samples could have differ-
ences in their defect concentration and type, surface chemistry,
morphology, and other physical parameters that affect carrier cooling
dynamics.1 Additional research is required to sort out these contradic-
tory results.

3. Slow hot-carrier cooling in non-quantized nanowires
and enhanced MEG in quantized Qwires

Recent studies45–47 of slow hot-carrier relaxation in nanowires of
various III-V semiconductor materials and structures (InP, GaAS, and
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heterowires of GaAs/InP and InP WZ-ZB), demonstrated significant
slowed cooling; the diameters of the nanowires in these studies are not
in the quantum-confined regime and the slowed cooling is therefore
not due to quantization effects, but rather to unique properties of the
nanowire structures. Experiments with 70nm diameter nanowires of
GaAs and InP showed the formation of carrier temperatures of 500K
with a lattice temperature of 310K with cw excitation and effective
hot-carrier lifetimes of up to 1 ns.45 Studies of Type II heterojunctions
of wurtzite/zinc-blend nanowires of InP showed slowed hot-carrier
cooling that was attributed to a high density of stacking faults in the
nanowires;46 the lifetimes of hot carriers in this system was estimated
to be 10s of ps. In nanowire core-shell heterojunctions with 70nm
GaAs0.7Sb0.3 cores and 30nm InP shells, hot-carrier lifetimes of several
100s of ps were determined using transient Rayleigh scattering at 10K.47

Regarding quantization effects in 1D structures, enhanced MEG
(multiple exciton generation) has also been observed in quantized
4.4nm quantum wires (Qwires) of PbSe.52,53 The enhanced effects was
a decrease of the threshold photon energy for the onset of MEG from
a value of 2.7 for PbSe QDs to 2.21 times the bandgap of quantized
PbSe Qwires.52 The theoretical PCE for MEG-based solar photocon-
version is maximized when the threshold energy is 2.0 times the
bandgap of the quantized nanostructure,16 so the PbSe Qwires will
have theoretical PCEs greater than bulk PbSe or QDs of PbSe.

III. SLOW COOLING OF HOT CARRIERS
IN NON-QUANTIZED BULK SEMICONDUCTORS
A. Bulk semiconductors with wide phononic gaps
and valley photovoltaics

For non-quantized bulk semiconductors another approach to the
study of slowed hot-carrier dynamics is to investigate semiconductors
that have large differences between their acoustic and optical phonon
energies (such as the Group III-nitrides); these materials are described
as having wide phononic bandgaps. In this case, the transition of opti-
cal phonons into acoustic phonons, which couple to the lattice in the
last step of carrier cooling, is blocked.72,73 This approach is another
type of phonon bottleneck but does not require the generation of a
large density of hot electrons followed by hot phonons. However, the
number of semiconductors with the required phonon characteristics
that have been studied thus far is rather limited.

A very recent new approach to understanding and realizing
slowed cooling and utilization of hot carriers for non-quantized solar
cells based on bulk semiconductors invokes the role of intervalley scat-
tering from the initially photogenerated and occupied hot carriers in
the C valley to the upper satellite L and X valleys in III-V semiconduc-
tors.74–77 This approach is termed “valley photovoltaics”,74–77 and
initial experimental results74–77 support this possible route to slow
hot-carrier cooling and higher efficiency hot-carrier solar cells.

B. Non-quantized perovskites

Perovskite materials [general formula ABX3, where A¼ cation 1,
B¼ cation 2 (frequently a metal), and X¼ a halide (or oxygen)] and
their crystal structures (where cation A is in a cubo-octahedral cage
formed by the 12 nearest neighboring X anions, cation B is octahe-
drally surrounded by six X anions have been known for greater than
100 years. However, only over the past decade have some perovskite
compositions been recognized as excellent materials for producing
highly efficient, high photovoltage, and low cost photovoltaic solar

cells,35–40,124,125 and they are shown in Table 1. The initial perovskite
composition that initiated the intense study of perovskites for solar
cells was (CH3NH4PbI3 (MAPbI); the early work began using MAPbI
as a sensitizer in a dye-sensitized photoelectrochemical cell,124 fol-
lowed by MAPbI nanocrystals deposited on films of TiO2,

125,126 to a
mixed halide nanocomposite architecture of MAPbI and on Al2O3,

127

and finally to a planar perovskite p-n structure 128–130

Since 2009, the total number of published papers on perovskites
has skyrocketed from one in 2009 to >56 000 in 2020. The record
PCE of perovskite-based single junction laboratory solar PV cells has
reached about 26% in 10 years, to be compared to crystalline silicon
cells at 26.1% after 65 years of research and development (R&D).
Perovskites do have problems with photostability and the toxicity of
some elements (e.g., Pb) in some perovskite compositions, but their
high PCE and low-cost processing to produce low-cost energy produc-
tion make perovskites an attractive future candidate for very-low- cost
PV cells if their potential toxicity can be ameliorated or safely
accommodated.131–140

A very interesting discovery for perovskites films is that they are
reported to exhibit remarkably slow cooling of hot carriers, both
through a hot phonon bottleneck created with high photoexcitation
intensity and without high intensity photoexcitation;141–145 Table I
lists 10 molecules that have been recently studied and showed slowed
hot-carrier cooling. Some results show exceedingly slow hot-carrier
cooling time while other reports show much faster cooling rates. This
is similar to the situation previously reported above in Sec. II B 2 for
1D III-V superlattices and quantum well films, as well as for QDs.
One attractive proposed reason for the slow hot-carrier cooling in per-
ovskites is the rapid formation of polarons that screen the carriers
from electron-LO phonon interactions, thus inhibiting this normally
fast cooling mechanism.145

An additional very interesting feature of the electronic structure
of perovskites is that the effective masses of electrons and holes are fre-
quently low but comparable, unlike conventional inorganic semicon-
ductors used for solar photoconversion where the hole effective mass
is usually much heavier than that of the electron. This causes some
degree of contention and controversy about the mechanism of slow
hot-carrier cooling in perovskites and the roles of hot electrons vs hot
holes and/or their combined effects and interactions.146

The first indication of slow hot-carrier cooling due to a hot pho-
non bottleneck in photoexcited perovskites was made in 2016.141 Since

TABLE I. Perovskite molecules studied for slow, hot-carrier cooling.

CH3NH3PbI3 films
CH3NH3PbI3 nanowires
HC(NH2)(NH2)Pbl3 films
HC(NH2)(NH2)Snl3 nanocrystals (tcool ¼ 1 ns)
CsPbBr3 single crystals
CH3NH3Snl3
Cs2TilyBr6-y (y¼ 0, 2, 6)
CsPbX3 (X¼Br, l) nanocrystals
CH3Sbl3 nanocrystals
(CH3(CH2)8NH3)2(CH3NH3)n-1 PbnX3nþ1), X¼Br�, l�, (n¼ 1, 2),
“natural” MQWs (inorganic layer¼well; organic layer¼ barrier),
(tcool¼ 1 ns)
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2016 through late 2020, more than 350 papers have been published on
the topic of slow hot-carrier cooling in perovskites; this work includes
many reviews. This specific topic is being researched very heavily and
intensely, and thus, it is suggested interested readers should conduct a
literature search under the subject “hot-carrier cooling in perovskites”
to access the latest progress and reviews on this interesting and impor-
tant relatively new topic.

IV. MEG ANALOGY: CARRIER MULTIPLICATION
THROUGH SINGLET FISSION IN MOLECULES

In 2004, Nozik et al. suggested147 that a molecular analog to
MEG was possible in certain molecular chromophores where the trip-
let state is �1=2 the energy difference between the singlet ground state
and 1st excited state (S0 – S1); a process termed singlet fission
(SF)16,35–40,124–126 Singlet fission, the conversion of one singlet exciton
to two independent triplet excitons, in an organic molecular chromo-
phore, was discovered and its fundamentals were elucidated in the
1960s.36 It is only efficient in materials in which the excitation energy
to the lowest excited singlet is about twice that to the lowest triplet.
Such organic chromophores are relatively rare. Figure 11 shows 24
molecular chromophores that exhibit SF.39

In 2006, a seminal paper by Hanna and Nozik16 analyzed the
PCE values of SF solar cells quantitatively and pointed out that a com-
bination of a singlet-fission solar material absorbing higher-energy
solar photons and ordinary solar material for lower-energy photons in
optical series but electrically in parallel is free of any requirements for
current matching and is capable of substantially beating the
Shockley–Queisser limit of 33% by generating a maximum theoretical
efficiency of �46%. In the same year, Paci et al. and Smith and Michl
pointed out that two classes of chromophores, bi-radicaloids and large
aromatic hydrocarbons, provide likely candidates for efficient SF mate-
rials and used quantum chemical calculations to produce a long list of
candidates.35,36 In 2009–2010, five independent groups of investigators
reported fully efficient SF (100% QY for SF or 200% for total
QY);35–40,148–153 100% QY for SF was reported for a molecule never
previously examined but suggested by theory as possible.35 These
developments, and the availability of a comprehensive review by
Smith and Michl published in 2010,36 attracted attention and in the
last 10 years, hundreds of experimental and theoretical papers on the
subject have appeared. Much of this work focused on investigation of
the mechanism of SF in polyacenes, a group of compounds in which it
was initially discovered, and their derivatives. Much new photophysics
emerged from this effort. Initially, only a handful of truly efficient
materials was known, and few, if any of those, appeared practical. This
is now beginning to change as theoretical guidelines for the design of
chromophore structure and packing emerge. The development and
testing of these guidelines is underway; these efforts are summarized
in several reviews.148–153

V. CONVERSION OF PHOTOGENERATED HOT
CARRIERS INTO ADDITIONAL FREE ENERGY TO
ENHANCE THE POWER CONVERSION EFFICIENCY
OF SOLAR CELLS
A. Utilizing hot carriers in bulk semiconductors
for enhanced power conversion efficiency

Hot-carrier transfer in the context of potentially more efficient
solar photon conversion to solar fuels was first introduced8–11 from

1978 to 1983, initially demonstrating the supra-band edge reduction of
electron-accepting redox reactions at semiconductor-molecule interfa-
ces (in photoelectrochemical cells). However, many studies of hot elec-
tron or hot hole charge transfer from the 1990s to 2000s showed only
small hot-carrier effects in solar cells for both PV and solar fuels. In
1997, a theoretical study of multiple quantum wells in a photovoltaic
p-i-n cell configuration consisting of an i-superlattice containing
25nm GaAs 1D confined quantum well films sandwiched between
thin 1.7nm nþ and pþ GaInP2 barriers indicated the photogeneration
of hot electrons with a peak temperature of 2300K in the superlattice
miniband region based on laser excitation.34 However, experimental
studies of this system in a p-i-n cell configuration under illumination,
that created a photogenerated forward bias produced by the illumina-
tion, resulted in total cooling of hot electrons from the ohmic contacts
of the cell that were back-injected into the superlattice region and sub-
sequently quenched the hot electrons in the superlattice i-region,
resulting in no increase in PCE.34 However in a recent paper, Nguyen
et al. 154 created a single 8 nm quantum well [In0.78Ga0.22As0.81P0.19
(Eg¼ 0.78)] with 130nm barriers [In0.8Ga0.2As0.435P0.565 (Eg¼ 1.05
eV)]. These authors conducted detailed and rigorous studies of the
optoelectronic properties of their cell structure and careful analyses of
the data determined thermodynamic properties such as hot electron
temperatures (up to 1300K in the well) and electrochemical potentials.
Their analyses confirmed that higher photovoltages and higher photo-
currents were generated in their pþ - i - nþ PV cell in which a quan-
tum well was imbedded in the i region, compared to the expected cell
values if all photogenerated carriers cooled to the lattice temperature.
Thus, the extra photocurrent and photovoltage were attributed to the
effect of hot carriers created and present in the quantum well.
Although the increase in cell performance was small since only one
quantum well was present, the results and conclusions are important
because they confirm that hot-carrier effects can indeed enhance the
PCE of solar cells.

The classic paper4 of Shockley–Queisser (S–Q) in 1961 showed
that the maximum possible power conversion efficiency (PCE),
assuming no hot electron effects, was 33% (Fig. 9) for a single bandgap
semiconductor PV cell with the sun at a zenith angle of 48.2� (i.e., the
angle with respect to the sun’s vertical position at high noon that is
directly perpendicular to the earth’s surface); this produces a solar flux
and spectrum that results from the sun’s radiation passing through 1.5
atmospheres and the resulting solar spectrum is labeled Airmass 1.5
(AM1.5) (Fig. 9). At the top of the atmosphere, the solar spectrum is
labeled AM0; and when the sun is at high noon and passes through 1
atmosphere, the spectrum is labeled AM1. The S–Q limit is calculated
at AM1.5 and essentially all terrestrial PV cells are rated at AM1.5. In
the S–Q analysis, all hot electrons are assumed to relax to the semicon-
ductor band edges, and the maximum photopotential is therefore the
semiconductor bandgap (Eg) minus the entropy loss due to converting
solar irradiance into electrical free energy. This intrinsic loss depends
upon the bandgap but ranges from about 0.3 eV for optimum bandg-
aps for PV (1.2 to 1.4 eV) to 0.2 eV for smaller bandgaps. The Ross
and Nozik 1982 paper10 showed that the maximum PCE value for
hot-carrier PV cells is the same (Fig. 9) as that approached by a large
number of multiple semiconductor homojunctions with different
bandgaps that are stacked in a tandem structure and thus connected
in series both optically and electrically; the latter system is the one
presently used to increase the efficiency of PV cells but it works best
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Molecules that have been shown to exhibit Singlet Fission
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FIG. 11. Singlet fission molecules. Reprinted with permission from Smith and Michl, Annu. Rev. Phys. Chem. 64, 361–386 (2013). Copyright 2013 Annual Reviews, Inc.39
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for Group III-V semiconductors and is very expensive. For tandem
PV cells with two optimum bandgaps (1.63 and 0.96 eV), the PCE is
47%; for three bandgaps it is 52%; for five it is 58%; and in the limit of
an infinite number of bandgaps perfectly matched to the solar spec-
trum, it is 66%.

As previously discussed, the realization of hot-carrier effects in
PV cells is challenging because the carrier cooling rates are usually
much faster than the charge transport/transfer rates through the bulk
semiconductor and across the cell contacts. However, as also previ-
ously discussed above, hot-carrier cooling rates could be slowed in
quantized semiconductors to the extent that would make hot charge
transport/transfer out of a solar cell (both for PV and solar fuels) or
the generation of multiple carriers via MEG, competitive with cooling.

In 2007, several research groups began studies and have reported
on the research and development of hot-carrier solar cells based on
hot-carrier extraction. Many possible approaches to achieving hot-
carrier extraction and utilization before carrier cooling and lattice
heating were examined. Recent reviews by D. K. Ferry et al.77 and G.
Conibeer et al.72 have reported on these efforts. These reviews72,77

cover the work of Conniber, Green, Guillemoles, Ekins-Daukes, Le
Bris, Lombez, Dimmock, and Sellers. Furthermore, a literature search
under the key words “hot carrier solar cells,” will provide many addi-
tional details of this extensive research topic. Key topics covered by
these reviews and literature searches include: (a) creating a phonon
bottleneck at one sun light intensity and creating a hot phonon bottle-
neck with high light intensity that generates high photogenerated car-
rier density; (b) the use of quantization effects in quantum-confined
semiconductors to slow hot-carrier cooling, thus allowing MEG and
hot- carrier extraction; (c) exploring bulk semiconductor materials like
InN and its analogs, such as II-IV-nitrides, large-mass anion III–Vs,
and Group IV alloys, which have large energy gaps between optical
phonon energies and lower energy phonons (i.e., they have a phonon
bandgap) which can inhibit the Klemens decay, whereby the optical
phonons emitted by hot carriers are inhibited from decaying further
into lower-energy acoustic phonons that subsequently heat the lattice;
and (d) the introduction of Valley Photovoltaics.

The first thermodynamic calculations on ideal, fully hot-carrier
solar cells that attain a carrier temperature of 3000K (Fig. 9) showed
they can theoretically achieve the same high conversion efficiency
(66%) produced by a large (>6) tandem stack of different ideal bandg-
aps. As previously stated in Sec. IA, one way to do this is to transport
the hot carriers to selective contacts with appropriate work functions
and energy transporting windows that only permit hot-carrier
removal, followed by injection of the hot carriers into either an electro-
lyte redox system in a photoelectrochemical fuel-producing cell or
through energy-selective contacts in PV cells, before the carriers cool.
A second approach (discussed below in Sec. VB) to beneficial hot-
carrier utilization is to use the excess kinetic energy of the hot carriers
to produce additional electron-hole pairs; however, this approach
results in a lower ultimate PCE compared to complete hot-carrier
extraction because the threshold photon energy for this effect is twice
the value of the semiconductor bandgap in order to conserve energy,
and thus, excess photon energy between 1 and 2 times the bandgap is
lost as heat. In bulk semiconductors this carrier multiplication process
is called impact ionization and is an inverse Auger type of process.
However, impact ionization (I.I.) cannot contribute to significantly
improved power conversion efficiency in present solar cells based on

bulk Si, CdTe, CuInxGa(1-x)Se2, or III-V semiconductors because their
bandgaps are relatively large and thus, I.I. above 2Eg requires blue or
UV photons which comprise too small a fraction of the solar spectrum
to affect the PCE. Furthermore, in bulk semiconductors, the crystal
momentum (k) must also be conserved, and this leads to the require-
ment that the threshold photon energy for I.I. must exceed that needed
to only satisfy energy conservation. Additionally, the rate of I.I. must
compete with the very fast rate of energy relaxation by phonon emis-
sion through electron–phonon scattering. It has been shown that the
rate of I.I. in bulk semiconductors becomes competitive with phonon-
scattering rates only when the kinetic energy of the photogenerated
hot electron is many multiples of the bandgap energy (Eg). In bulk
semiconductors, the observed transition between inefficient and effi-
cient I.I. also occurs slowly; for example, in Si, the I.I. quantum effi-
ciency was found to be only 5% (i.e., total quantum yield¼ 105%) at
h� � 4 eV (3.6� Eg), and 25% at h� � 4.8 eV (4.4� Eg).

B. Quantum dot solar cells based on the generation
of multiple electron-hole pairs (excitons) from hot
carriers

Because of spatial confinement (Fig. 10) of electrons and holes in
quantum dots, the following effects are present:1 the e�hþ pairs are
correlated and thus exist as excitons rather than free carriers;2 the rate
of cooling of hot electrons and holes (existing as excitons) is slowed
because of the presence of discrete electronic states for these electronic
particles;3 the need to conserve crystal momentum is relaxed because
momentum is not a good quantum number; and4 Auger processes
(like MEG) are greatly enhanced because of increased e�hþ Coulomb
interaction. Since electron-hole pairs created in QDs exist as excitons,
the generation of multiple excitons in QDs is called multiple exciton
generation (MEG) (Fig. 10). From 2001 to 2002, it was predicted1,11

that the production of multiple e�hþ pairs (multiple excitons) per
photon would be enhanced in QDs compared to bulk semiconductors;
both a lower threshold energy (htth) for electron hole pair multiplica-
tion and its efficiency, gMEG (defined as the number of excitons pro-
duced per additional bandgap of energy above the MEG threshold
energy), would be expected to be greatly enhanced. In QDs, multiple
excitons can only generate free carriers upon dissociation of the exci-
tons, this readily occurs in various solar cell device structures.

It has been shown22 that the threshold photon energy (htth) for
MEG to occur and its efficiency (gMEG) are related by the expression

ht=Eg ¼ 1þ ð1=gMEGÞ: (12)

Equation (12) can be used to illustrate various MEG characteristics
and to subsequently calculate the PCE for these characteristics by plot-
ting the MEG QY vs ht/Eg (Fig. 12).

Figure 12 exhibits two types of characteristics: (1) a linear func-
tion where the QY is linear with photon energy normalized to the
bandgap after the threshold for MEG is reached, and (2) a staircase
function (labeled Mmax) with a threshold at 2Eg. For the staircase func-
tion, Mmax the QY becomes N when the photon energy ht is N times
Eg and remains N until the next step where it becomes N þ 1 for ht/
Eg¼Nþ1. The linear functions are labeled L(n) where n is the photon
energy threshold in units of ht/Eg and gMEG¼ slope of the linear
plot¼MEG efficiency. This slope, the MEG efficiency, is the number
of additional excitons produced per additional bandgap of
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photoexcitation energy absorbed after the MEG threshold is passed.
Figure 13 presents the theoretical QY vs photon energy (normalized to
the semiconductor bandgap) for values of the normalized threshold
photon energy htth/Eg¼ 2, 3, and 5.

The characteristic for singlet fission (the molecular analog of
MEG) is also shown and labeled as M2; M1 is the conventional char-
acteristic of a conventional ideal solar cell with a QY¼ 0 below the
semiconductor bandgap, jumping to a constant QW equal to 1 at and
above the semiconductor bandgap value.

The S-Q type calculations for the PCE of solar cells with various
MEG characteristics (nL or Mmax) are shown in Fig. 13, along with the
conventional S–Q calculation for bulk semiconductors without MEG.
Figure 13 shows that for bulk semiconductors with low bandgaps
(<0.5 eV, like PbS), the maximum PCE of PbS QD solar PV cells is
�3 times greater than that of PV cells made from bulk PbS. If the
quantized PbS bandgap increases to 0.9 to 1.3 eV and exhibits the opti-
mum MEG characteristic Mmax, the maximum PCE can be � 4 to 5
times that of bulk PbS PV cells. Bulk semiconductors typically have
photon energy thresholds (htth/Eg) for carrier multiplication produced
by I.I. that are 3 to 5 times their bulk Eg values; therefore, they do not
have the ability to greatly increase PCE through carrier multiplication.

An important result26 in 2012 on the PCE values of QD solar
cells is that theoretical S–Q type calculations show that when MEG is
combined with solar concentration, the maximum PCE values increase
dramatically and the peak PCE values occur with much smaller bandg-
aps (Fig. 14).

The results shown in Fig. 14 are for the L2 characteristic. Thus,
for example, for the L2 MEG characteristic, the maximum PCE
soars to 77% at a solar concentration of 1000� and a bandgap of 0.1
eV; at 500� the PCE is 74% with the same bandgap of 0.1 eV. For a
more accessible bandgap of 0.6 eV at 500� the PCE is 55%. Thus,
the simultaneous presence of MEG combined with solar concentra-
tion can increase the PCEs for bandgaps ranging from 0.1 to 0.6 eV
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by factors ranging from about 10� to 2�, depending upon the bulk
bandgap, MEG characteristic, and the solar concentration. This is a
spectacular effect, but its achievement depends upon discovering
semiconductors that have the L2 or Mmax MEG characteristic, low
bandgaps (<0.75 eV), and high photostability under concentrated
sunlight (50� to 1000�).

The first experimental verification of exciton multiplication in
QDs was presented by Schaller and Klimov13 in 2004 for PbSe nano-
crystals (NCs). Efficient MEG has been shown to also occur in QDs of
PbS, PbTe, PbSe, CdSe, InAs, Si, InP, CdTe, and CdSe/CdTe core-shell
QDs.1 The time scale for MEG has been reported to be as fast as 100
fs.1 Ultrafast MEG, faster than the hot exciton cooling rate produced
by electron–phonon interactions, can therefore beat exciton cooling
and become efficient.

It is noted that in addition to many reported MEG results in
semiconductor QDs, MEG has also been reported in single-wall car-
bon nanotubes. Theoretical considerations suggest that MEG is
enhanced in nanotubes compared to QDs, in part because of stronger
e� e� interactions and the absence of surface state recombination sites
on the nanotube surfaces.

A critical challenge for research and development of QD-based
solar cells is to understand and demonstrate QD systems that show the
L2, or for even higher PCE values, the staircase MEG characteristic
(Mmax) shown in Fig. 12. In all MEG-based systems it is also critical
that the rate of hot-carrier cooling be slow compared to the rates of
MEG, exciton dissociation, carrier separation, transport, and extraction.

C. Photovoltaic cells based on nanowires and Qwires

An excellent review of the theoretical and experimental
approaches to producing PV cells based on advanced concepts using
nonequilibrium electron and phonon dynamics is presented in Ref. 48.
It covers both unquantized and quantized nanowires (Qwires), as well
as MEG in Qwires. The hot-carrier dynamics in 1-dimensionally con-
fined quantum wells (QWs) is also discussed. In Ref. 49 the perfor-
mance of GaAs PV cells based on 160nm diameter wires in nanowire
arrays with varying photon incidents angles was analyzed. The maxi-
mummeasured PCE of this cell increased significantly with tilting due
to enhanced light trapping and demonstrated significant reduced
material need. Thus, at a tilt angle of 60�, the PCE was 95% of the PCE
at normal incidence; with this cell illuminated at normal incidence, the
PCE was 15.3%.50 These experiments showed a reduction of a factor
of 10 for the GaAs material needed for the same PCE in a conventional
GaAs cell. InP nanowires topped with GaAs nanocrystals showed a
PCE value of 17.8% and a short circuit current of 29.3 ma/cm2;51 the
latter value being very close to the best planar PV cells of the same
material. An important advantage of nanowire-based solar cells is the
enhanced carrier extraction along the axis of the nanowires compared
to QD-based PV cells.

VI. CARRIER MULTIPLICATION VIA MEG OR SF
COMBINED WITH SOLAR CONCENTRATION FOR H2O
SPLITTING FOR EXTENDED RANGES OF BANDGAPS
EXHIBITING ENHANCED PCE

For photoelectrochemical (PEC) cells that can split water effi-
ciently, two photoelectrodes need to be arranged in an optical series
(tandem architecture) to provide the required photovoltage to drive
the water-splitting reaction (2H20¼O2 þ 2H2O) and also achieve the

highest efficiencies at any solar concentration.16 The required photo-
voltage is the standard thermodynamic potential (1.23 V for water
splitting) plus the overvoltage (V0) to satisfy kinetic requirements. If
both photoelectrodes generate just one electron-hole pair/photon, and
the illumination intensity is one sun, the maximum thermodynamic
efficiencies for H2O splitting are 40% and 25% at overvoltages of 0 and
1.0 V, respectively. However, if the cell operates with optimum MEG
(Mmax characteristic) and the solar concentration is increased to 500�,
the maximum efficiencies become 53% vs 30% for the same overvol-
tages of 0.0 and 1.0 V, respectively.26 Thus, solar concentration com-
bined with MEG greatly magnifies the beneficial effect of MEG on
solar conversion efficiency producing hydrogen as a solar fuel through
water splitting.26

A recent study27 in 2019 explored the PCE for solar water-
splitting cells with tandem PCE systems comprising MEG and/or SF
layers and how solar concentration, top cell thinning, cell overvoltage
(VO), and water absorption in the incident optical path affect the PCE;
the effect of photon absorption in H2O layers is not discussed here
because it is possible to design H2O splitting cells that do not have
incident photons that pass through water (Fig. 13.14 in Ref. 144 for
this design configuration). MEG absorbers that produce the maximum
possible PCEs, created by the ideal staircase QY characteristic (Mmax)
and a MEG threshold of 2Eg, were examined.27 It was shown that
combining MEG or SF absorbers with solar concentration (1 to 1000
suns) and thinning the top cell to allow some photons to be absorbed
in both the top and bottom layers, can achieve greatly enhanced theo-
retical water-splitting PCEs with values as high as 63%.

Figure 15 shows the calculated PCE contours of a tandem MEG
device (with a Mmax characteristic) under 1� solar intensity, zero over-
voltage (VO), no water path, and both with and without thinning the
top cell.27

Under these conditions, the maximum PCE is about 47% for two
tandem bandgaps of 0.5 and 1.35 eV with and without top layer thin-
ning, respectively. Thus, the maximum PCE has the same value and
the same bandgaps at 1� solar intensity for both the thinning and no
thinning cases. However, high efficiencies above 40% can be achieved
for bottom gaps up to 1.2 eV, Fig. 15(b), which is not true for the no
thinning case [Fig. 15(a)].27 In fact, when the top cell is thin, we
observe high efficiencies in regions of Fig. 15(b), where the top cell
bandgap is lower than the bottom cell bandgap (Eg2> Eg1).27

With solar concentration, the broadening of bandgap ranges that
yield high PCEs as a result of thinning is further and more clearly illus-
trated in Fig. 16,27 where the effects of increasing solar intensity from
1 sun to 1000 suns are presented.

At the highest solar intensities between 100� to 1000�, the max-
imum PCEs are above 50% and the optimum bandgaps of the high
PCE values at these solar intensities range over 1 eV. The finding that
thinning the top cell produces exceptionally high PCEs that are
extended over a very large bandgap range for both the top and bottom
cell bandgaps, plus the fact that for some regimes of high PCE, the top
layer bandgap is smaller than the bottom layer bandgap are very inter-
esting and technologically important results. Thus, top cell thinning
together with solar concentration greatly increases the possible range
of semiconductor materials with different bandgaps that exhibit MEG
to be used in high PCE H2O splitting solar cells. Finally, it is noted
that a SF–MEG tandem produces the same maximum theoretical PCE
as a MEG–MEG tandem.27
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For future research goals, discovering and developing new low
bandgap semiconductors or SF chromophores that produce efficient
carrier multiplication, improving MEG efficiencies, bringing the MEG
onset close to 2Eg, and obtaining a Mmax staircase characteristic are
major research challenges. However, the recent progress in QD design
and tunability show encouraging results for MEG; an example is the
CdS/PbS Janus QDs.30 In this study, Kroupa et al. show that in Janus
QDs, 25% of the charge carriers undergo MEG with a MEG efficiency
of 98%. They also show that the onset occurs at �2Eg, where the QY
first plateaus at 1.2Eg, then has another step-like QY increase at 3Eg
which finally plateaus at QY¼ 1.4.30

VII. BURIED JUNCTIONS AND SOLAR FUELS

Buried junctions are defined as conventional p-n, p-i-n, Schottky,
nanostructured junctions, PEC junctions, or any type of photoactive
junction that generates a photopotential, and which are encapsulated
with inert material(s) and thus become isolated and protected from
direct contact with any other material that might be detrimental to the
photostability of the junction.155 In the case of solar cells for the pro-
duction of solar fuels (viz., H2 from solar H2O splitting as an example
of the fuel), the junction is isolated from the aqueous electrolyte
wherein the chemical oxidation-reduction (viz., redox) reactions
occur. This feature prevents photocorrosion of the photoactive junc-
tions for the photoanode and/or photocathode of the cell.
Furthermore, the electrocatalytic surfaces where the electrochemical
redox reactions occur are not those of the photoactive and charge-
separating junction photomaterials but rather the photogenerated car-
riers are transferred to effective and photostable catalytic electrode
surfaces of the protective encapsulant; this surface thus must be both a
stable protective material as well as a catalyst for the desired redox
reaction for fuel formation. This later feature means that in addition to
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the photoprotections, the buried junction architecture ensures that the
energy levels of the photogenerated electrons and holes in the photo-
material do not need to be a priori appropriately aligned with the
redox potentials of the two oxidation and reduction half-reactions of
water splitting, as is required in pure PEC systems, which operate
based upon semiconductor-liquid junctions.8,156–160 With sufficient
generation of photopotential in the photomaterial to electrolyze water
[1.23 Vþ overvoltage (Vo)], the electrochemical potentials of the cata-
lytic surfaces protecting the photomaterial adjust automatically and
instantaneously through the redistribution of charge in the Helmholtz
layers at the catalytic anode and cathode surfaces that drive the water
oxidation and reduction reactions, to allow appropriate charge transfer
to drive the redox chemistry.155 This removes one of the major con-
straints of PEC photoelectrosynthesis which requires the photomate-
rial to have its intrinsic redox potential (termed the flat-band
potential) appropriately align the band edges of the photomaterial

with the redox potential of the desired redox reaction in solution to
allow efficient charge transfer and redox electrochemistry to
occur.156–160

Another important characteristic of the buried junction
approach, as described above, is that two junctions are used in a tan-
dem configuration wherein each photomaterial in the multijunction
stack has a different bandgap (or HOMO–LUMO transition) that is
optimized to reduce thermalization losses of supra-band edge photo-
generated carriers and maximizes conversion efficiency. The energy
band diagram for two buried p-n junctions in a tandem configuration
is shown as an example of a buried junction for water splitting in
Fig. 17.

Figure 18 shows the energetic alignment differences between a
buried junction and an unburied junction for PEC H2O splitting. A
thorough discussion of buried junctions in the context of solar fuels
production is presented in Ref. 155, pages 379–385.
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Some argue that buried junctions for solar fuel production are
nothing more than a PV cell operated in electrical series with an elec-
trochemical cell (electrolysis cell in the present example) and should
be simply referred to as PV þ electrolysis. Although it is true that the
buried junction operates like a photovoltaic cell in that it is based on
photoactive semiconductor p-n junctions, there are no external wires
to carry the photogenerated current and voltage to a separate dark
electrolyzer with two different electrodes for oxidation and reduction
reactions. Rather, the buried junction is a photoactive monolithic
structure wherein photogenerated electrons and holes are separated
internally and transported to separated anodic and cathodic surfaces
within the device to carry out the respective catalytic redox reactions
to generate the solar fuels. It is not PV þ electrolysis in the general
sense of not having two spatially separate PV cells and electrolyzer
cells; the cost of the latter is expected to be much higher than the bur-
ied junction architecture.

VIII. SOLAR CELL PHOTOELECTRODES COMPOSED
OF QUANTUM DOT ARRAYS

In the QD array configuration, the QDs are formed into an
ordered 3D array with inter-QD spacing sufficiently small that strong
electronic coupling occurs and 3D minibands may form to allow long-
range carrier transport.12,23 The system is a 3D analog to the 1D super-
lattice, and miniband structures discussed above in “Energy Levels and
Density of States in Quantum Wells and Superlattices.” The delocal-
ized quantized 3D miniband electronic states could be expected to
slow the carrier cooling and also permit the transport and collection of
hot carriers to produce a higher photopotential in a photovoltaic cell
or in a photoelectrochemical cell in which the 3D QD array is the pho-
toelectrode.12,23 Also, MEG is expected to occur in the QD arrays,
enhancing the photocurrent.12 The PCEs of such MEG- or SF-based
arrays for both PV cells and cells for solar fuels are expected to be sig-
nificantly enhanced and generally of lower cost.

Significant progress has been made in forming 3D arrays of both
colloidal and Stranski-Krastanov (SK) II-VI and III-V QDs.23 The for-
mer has been formed via evaporation and crystallization of colloidal
QD solutions containing a near-uniform QD size distribution. The
crystallization of QD solids from broader size distributions leads to
close-packed QD solids, but with a high degree of disorder. To improve
disorder, arrays of SK QDs have been formed by successive epitaxial
deposition of SK QD layers; after the first layer of SK QDs is formed,
successive layers tend to form with the QDs in each layer aligned on
top of each other. Studies of the properties of QD arrays are under
study. Major theoretical and experimental issues under study are the
nature of the electronic states as a function of interdot distance, array
order vs disordered arrays, QD shape, surface states, surface structure/
passivation, surface chemistry, and transport properties of QD arrays.

IX. CONCLUSIONS

The progress in the development and global installation of solar
PV modules, based primarily on Si cells, has been dramatic; in 1978, the
levelized cost of PV electrical energy was about $8/kWh, while in 2020,
it was less than $0.05/kWh (utility scale). This is due to great reductions
in PV module production costs (due to the economy of scale) and
increases in module power conversion efficiency. In 2019, solar PV
power had the highest new installation volume of any other electrical
power source in the U.S., including coal, nuclear, and hydro. But the
progress in producing solar fuels through splitting H2O into H2 and O2

or via artificial photosynthesis, whereby H2O reacts with CO2 to pro-
duce carbon-based liquid and gaseous fuels, has not progressed to a
commercial/industrial scale since 1975 (unlike the PV industry).
Laboratory scale R&D on various aspects of artificial photosynthesis
has indeed progressed, but no solar fuels industry yet exists after >45
years of R&D. Since power conversion efficiency of the solar irradiance
into the free energy of chemical bonds in fuels or in electricity is a major
factor in the cost of solar photon conversion, it is essential to make this
efficiency as high as possible, and well above the Shockley–Queisser
thermodynamic limit. This is true for PV electricity in order for it to
meet the future U.S. Department of Energy (DOE) goal of $0.03/kWh,
as well as for liquid and gaseous solar fuels to be competitive with fossil-
based and bio-based fuels. Several approaches toward exceeding the
S–Q PCE limit for both PV and solar fuels production are feasible and
under investigation today. These include hot-carrier solar cells, utilizing
quantization effects in semiconductor nanostructures, photogenerated
charge-carrier multiplication through multiple exciton generation
(MEG) from single photons in semiconductor-based quantum dot solar
cells or singlet fission (SF) in molecular chromophores, MEG and/or SF
combined with solar concentration and control of photomaterial thick-
ness in double junction cells for solar fuels, and buried junctions.
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