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Abstract

Chemically synthesized semiconductor nanocrystals (NCs) have been
extensively studied as a test bed for exploring the physics of strong
quantum confinement and as a highly flexible materials platform
for the realization of a new generation of solution-processed optical,
electronic, and optoelectronic devices. Because of readily tunable,
size-dependent emission and absorption spectra, colloidal NCs are es-
pecially attractive for applications in light-emitting diodes, solid-state
lighting, lasing, and solar cells. It is universally recognized that
the realization of these and other prospective applications of NCs
requires a detailed understanding of carrier-carrier interactions in
these structures, as they have a strong effect on both recombination
and photogeneration dynamics of charge carriers. For example, non-
radiative Auger recombination is one of the key factors limiting the
performance of NC-based lasers and light-emitting diodes. The in-
verse of this process, carrier multiplication, plays a beneficial role in
light harvesting and can be used to boost the efficiency of photovol-
taics through increased photocurrent. This article reviews recent prog-
ress in the understanding of multicarrier processes in NCs of various
complexities, including zero-dimensional spherical quantum dots,
quasi-one-dimensional nanorods, and various types of core-shell hetero-
structures. This review’s specific focus is on recent efforts toward con-
trolling multicarrier interactions using traditional approaches, such
as size and shape control, as well as newly developed methods involving
interface engineering for suppression of Auger decay and engineering
of intraband cooling rates for enhancement of carrier multiplication.
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1. INTRODUCTION

Semiconductors are widely used as both light emitters and light harvesters in a range of applica-
tions, including light-emitting diodes (LEDs), lasers, photodetectors, and photovoltaic (PV) cells.
Two characteristics of any material that are of key importance to these applications are the
emission wavelength (defines the color of generated light) and the spectral onset of optical ab-
sorption (defines how much of the solar spectrum can be converted to electrical charges). Both of
these parameters are controlled by the width of the energy gap (E,) separating the conduction and
the valence band (Figure 1a). In semiconductors of macroscopic sizes (i.e., bulk semiconductors),
the width of this gap for a given material is a fixed parameter. However, the situation changes in the
case of nanoscale semiconductor particles or nanocrystals (NCs) with sizes smaller than ~10 nm
(Figure 1b). This size range corresponds to the regime of quantum confinement for which elec-
tronic excitations feel the presence of the particle boundaries and respond to changes in the particle
size by adjusting their energy spectra. This phenomenon is known as the quantum size effect, and
nanoscale particles that exhibit it are often referred to as quantum dots (QDs). In the present
review, the term quantum dot is used in reference to spherically (or near spherically) shaped zero-
dimensional nanostructures, whereas the more general term nanocrystal is used in relation to
a crystalline nanostructure of an arbitrary shape.

As was just pointed out, a key feature of NCs is a size-dependent band-gap energy. Specifically,
as the NC size decreases, the energy gap increases, leading to a blue shift of both the emission
wavelength and the spectral onset of optical absorption. In the first approximation, this effect can
be described using a simple quantum-box model (1, 2). For a spherical QD with radius R, this
model predicts that a size-dependent contribution to the energy gap is simply proportional to 1/R?:

h2 7.[.2

E.,(QD) =E —_—
g(Q ) g0 + zmesza

where E, is the bulk semiconductor band-gap energy, m, = mcmy, /(m 4 my,), and m, and m, are
the electron and hole effective masses respectively. In addition to increasing the energy gap,
quantum confinement leads to a transformation of the continuous energy bands of a bulk material
into discrete, atomic-like energy levels. These well-separated QD states can be labeled using
atomic-like notations (1S, 1P, 1D, etc.), as illustrated in Figure 1b. This discrete structure of energy
states leads to correspondingly discrete features in the absorption spectrum of QDs (schematically
shown by colored bars in Figure 1¢), in contrast to the continuous absorption spectrum of a bulk
semiconductor (black line in Figure 1c¢).

Using colloidal chemical syntheses, semiconductor NCs can be prepared with nearly single atomic
layer precision and have sizes from a few to tens of nanometers and size dispersions as narrow as
4%-5% (3). In addition to nearly spherical QDs, modern chemical methods allow for fabrication of
NCs of other shapes, including nanorods of controlled aspect ratios (4), pyramidal particles (5),
nanoplatelets (6), and tetrapods (7). Further, additional flexibility in controlling NC prop-
erties is provided by heterostructuring when two or more different materials are combined
within the same nanoparticle. Examples of hetero-NCs include all-semiconductor core-shell
structures (8-10) and bicomponent nanorods and tetrapods (11-13) as well as various types of
semiconductor-metal hybrids (14-16). The combination of tunable electronic and optical
spectra and chemical flexibility make colloidal QDs ideally suited for bottom-up assembly into
optical device structures, including LEDs (17-19), lasers (20, 21), photodetectors (22, 23), and
PVs (24-26).

An important property of semiconductor NCs is a significant enhancement in carrier-carrier
Coulomb interactions, which leads to a number of novel physical phenomena, including large
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(a) A bulk semiconductor has continuous conduction and valence energy bands separated by a fixed energy
gap, E,. (b) A quantum dot (QD), however, is characterized by discrete atomic-like states with energies
that are determined by the QD radius R. These well-separated QD states can be labeled using atomic-like
notations (1S, 1P, 1D,, etc. for electrons and 1Sy, 1Py, 1Dy, etc. for holes). (¢) A schematic representation
of a continuous absorption spectrum of a bulk semiconductor (gray line) compared with a discrete absorption
spectrum of a QD (colored bars).

splitting of electronic states induced by electron-hole (e-h) exchange coupling (27), high-efficiency
intraband relaxation due to e-h energy transfer (28, 29), ultrafast multiexciton decay by Auger
recombination (30, 31), and high-efficiency generation of multiple e-h pairs (multiexcitons) by
single photons via carrier multiplication (CM) (32-34). Significant interest in multiexciton
phenomena in NCs has been stimulated by studies of NC lasing (20, 35, 36) as well as by the
significant potential of CM in PVs (37, 38). Realization of both of these applications requires
detailed understanding of dynamical and spectral properties of multiexcitons in NCs.

The focus of this article is on two multicarrier phenomena: Auger recombination and CM.
Auger recombination is a process in which the e-h recombination energy is not emitted as a pho-
ton but is transferred to a third carrier, promoting it to a higher-energy state either within a NC or
outside it (Auger ionization). In bulk semiconductors, Auger recombination is inhibited by
kinematic restrictions that are imposed by energy and translational-momentum conservation (39).
However, because of relaxation of momentum conservation, Auger recombination rates increase
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dramatically in zero-dimensional NCs (40, 41). CM can be considered as the inverse of Auger
recombination. In this process, a hot carrier relaxes by transferring its energy to a valence band
electron, which is promoted to the conduction band. Although it is inefficient in bulk semi-
conductors, especially in the range of photon energies relevant to solar energy conversion, this
process is enhanced in quantum confined NCs (32-34, 42), making it a viable mechanism for
boosting the efficiency of PV devices.

This review discusses several new aspects of Auger recombination and CM with a focus on recent
efforts for controlling these processes via advanced heterostructuring and/or engineering of NC
interfaces. Specific topics overviewed here include the scaling of Auger decay rates with NC occu-
pancy for both neutral and charged excitations, the role of interfacial alloying (as it specifically
affects the shape of the interfacial potential) in Auger recombination, and practical approaches for
suppression of Auger decay in heterostructured QDs by introducing an intermediate alloy layer at
the core-shell interface. Then, we discuss the connection between Auger decay and CM in the context
of a window-of-opportunity model, in which Auger recombination lifetimes are used as a surrogate
for time constants of an individual CM event. We also overview experimental studies that dem-
onstrate a significant effect of non-CM intraband energy losses on the overall CM performance and
describe the most recent efforts on cooling-rate engineering, using dual-emitting PbSe/CdSe QDs
with an especially thick shell that allow for a manifold enhancement of CM yields compared to core-
only PbSe QDs.

2. AUGER DECAY OF NEUTRAL AND CHARGED MULTICARRIER STATES

2.1. Scaling of Auger Lifetimes with Quantum Dot Occupancy

An important mechanism for nonradiative losses in QDs is associated with Auger recombi-
nation of multicarrier states, i.e., states involving more than just one electron and one hole. The
simplest of these states are charged excitons, or negative (Figure 2a) and positive (Figure 2b)
trions (X~ and X7, respectively). In addition to radiative or extrinsic defect-related processes,
charged excitons can decay via nonradiative Auger recombination, which is extremely efficient
in QDs and is characterized by time constants that can be much shorter than time scales of intrinsic
radiative decay.

Although photoexcitation can also produce charged species (via so-called photoionization),
it usually results in neutral excitations, such as single e-h pairs (excitons), double e-h pairs
(biexcitons), or other higher-multiplicity states. The simplest neutral multiexciton state is a
biexciton (Figure 2¢). As in the case of trions, normally its decay in QDs is dominated by Auger
recombination. In fact, the biexciton Auger decay rate (k,5) can be related to those of the
negative and positive trions (k_1 and k14, respectively) by kaa = 2(k_1a + k1a). In core-only
QDs that feature mirror-symmetric conduction and valence bands, k_1a = k1o = k2a/4. Such
a situation is realized, for example, in PbSe QDs for which the observed trion Auger lifetimes
(t_1a = 1/k_1an and 7, 1o = 1/k,14) are indeed approximately four times longer than that of a
biexciton (Top = 1/ka4) (43).

In order to describe recombination of higher-order excitations that contain N e-h pairs (N-
exciton state with N > 2), one can apply statistical arguments (44), i.e., assume that the prob-
ability of an Auger recombination event is proportional to the product of the number of all
possible conduction-band to valence-band transitions (expressed as N*; Figure 2d) and the
number of carriers that can accept the energy released in a given interband transition [expressed
as (2N — 2)]. The scaling of multiexciton lifetimes in this statistical case is given by kna =
i« N?(N — 1) or
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(a) Nonradiative Auger recombination of a negative trion can be described in terms of Coulomb scattering between the two conduction-
band electrons when one of them undergoes an interband transition (electron-hole recombination) while the other is excited within the conduction
band. (b) A similar description applies to Auger recombination of a positive trion, which can be described in terms of Coulomb scattering
between the two valence-band holes. (c) Auger recombination of a biexciton can involve re-excitation of either an electron (negative

trion pathway) or a hole (positive trion pathway). Given that the biexciton comprises two electrons and two holes, its Auger decay rate is twice the
sum of the X~ and X" Auger decay rates: kyp = 2(k_1a + k1a). (d) Possible conduction-band to valence-band transitions in the case of Auger
recombination of a symmetric 151518 triexciton. (e) Possible conduction-band to valence-band transitions in the case of Auger recombination
of an asymmetric 1S1S1P triexciton, assuming that the S-P interband transitions are much weaker than the S-S and P-P transitions.

Tna = 4moA[NA(N - 1)] 7, 1.

if expressed in terms of the biexciton lifetime (7,4); kna and 7y4 are, respectively, the rate and the
time constant of Auger decay of the N-exciton state.

We can further generalize Equation 1 for the situation of charged multicarrier states when the
electron occupancy of the QD (N,) is not necessarily equal to its hole occupancy (Ny,). In this case, the
number of possible e-h transitions is given by the product N.Nj,, whereas the total number of energy
transfer pathways is (N. + N}, — 2). The Auger decay rate of the (N; Ny,) state is proportional to the
product of these two values, which yields the following expression for the Auger lifetime:

-1 2.

TN, N,A = 8724 [NeN, (N, + Njy, — 2)]
In standard monocomponent NCs, Auger recombination lifetimes are orders of magnitude shorter
than radiative time constants (7,) (31, 45), which leads to very low quantum yields (QYs) of
multiexciton emission. Further, because radiative rates scale more slowly with NC occupancy than
do Auger decay rates, the QY decreases with increasing order of the multicarrier state. To quantify
the dependence of QY on QD occupancy, we apply statistical arguments to the emission rate of the
(Ne; Ny) state (Nenh = 1/ Tne N r)> Which yields 7ne nn = 71(NeNy), where 71 = 7 4 is the single-
exciton radiative rate. Assuming that 7ne nn 4 << T e,k r (Which is valid in all standard core-only
or thin-shell NCs) and further neglecting all non-Auger related carrier losses, we can present the
photoluminescence (PL) QY as

QYN N, = (872A71_,1>/(Ne +N, —-2). 3.

This expression is valid only if at least one of the occupation numbers (N, or N},) is greater than
unity. For neutral multiexcitons (N = N, = N > 1), QYn = (4m2473,}) /(N — 1).

Strictly speaking, the above consideration of statistical scaling of multicarrier radiative and
nonradiative decay rates can only be applied in a situation in which all carriers occupy electronic
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states of identical symmetries. Such an ideal situation is most nearly realized, once again, in QDs of
PbSe, in which the electron and the hole band-edge 1S levels are eightfold degenerate (a combined
result of twofold spin degeneracy and the existence of four equivalent minima located at the
L points of the Brillouin zone) (46,47) and hence, one can expect to observe statistical scaling of T
up to N = 8. Indeed, experimental studies of PL dynamics (48) indicate that the ratios of the
biexciton-to-exciton (r,/r1) and triexciton-to-exciton (r3/r;) radiative rates measured for PbSe
QDs are close to 4 and 9, respectively, as expected from statistical arguments.

The analysis of radiative lifetimes in NCs with a lower degree of degeneracy of band-edge states
also suggests an approximate validity of statistical scaling for, at least, biexciton states. For ex-
ample, studies of CdSe QDs with a twofold-degenerate band-edge 1S, level indicate the 7,/r; ratio
of ~3.5 (49). This value is in agreement with the results of more recent ensemble measurements that
indicate r,/r1 of 3-5 (50). Recent single-dot studies of CdSe/CdS core-shell structures with a range
of shell thicknesses show that the pump-power dependence of PL intensity can be closely
reproduced using statistical arguments (51).

The scaling of Auger lifetimes for neutral excitations has often been inferred from the ratio of
the biexciton and triexciton time constants (31, 44). According to statistical scaling, this ratio should
be 4.5. Measurements of CdSe QDs, however, usually indicate a smaller ratio. In an early attempt
to experimentally determine the scaling of Auger lifetimes in CdSe QDs (31), multiexciton dynamics
were studied by monitoring carrier-induced bleaching of the band-edge 1S absorption feature with
a femtosecond transient absorption (TA) experiment, in which the QD sample excited with a short
sub-picosecond pulse at ~3 eV was probed with variably delayed weak pulses of a femtosecond white-
light continuum. According to these measurements the T,/73 ratio varied from ~2.3 for dots with R =
1.45 nm to ~3.4 for R = 4.2 nm. These results were confirmed by recent ultrafast cathodoluminescence
studies of a series of thin-shell CdSe/ZnS QDs that produced T4/734 ratios ranging from ~2.3 to
~3.3(52). The observed deviation from ideal statistical scaling (724 /734 = 4.5) in the case of CdSe QDs
can be rationalized if one accounts for the fact that the 1S state can accommodate only two electrons;
hence, the triexciton, in addition to S-type carriers, also contains carriers in states of other symmetries
(asymmetric triexciton). For example, if we assume that both the electron and the hole of the third
exciton occupy the first-excited 1P state (the 1S1S1P triexciton; Figure 2¢) and further neglect the
S-P interband transitions, we find that T,a/73 is 2.5. This value is significantly smaller than that for
purely statistical scaling and is closer to quadratic scaling (Tna ° N?) when Toa/t34 = 2.25, which was
described in Reference 44 as “quantum mechanical” and was used to explain early observations in
Reference 31.

The T4/734 ratios measured for PbSe NCs are usually larger than those for CdSe NCs and
indicate that the 7y scaling is at least cubic (tya % N°). In order to distinguish between cubic and
statistical scalings, the TA dynamics measured across a wide range of pump intensities were
analyzed using a set of coupled-rate equations (44). For larger QDs (R = 4 nm), this analysis
indicated that the measured time transients could be best described by statistical scaling. The
distinction between cubic and statistical scalings was more subtle in smaller, 2-nm QDs, as both
types of scalings explained experimental data reasonably well.

2.2. Auger Recombination of Charged States in Chemically Doped Quantum Dots

Recently, several experimental works have addressed the problem of lifetime scaling for QD
charged states. In some of these measurements, extra charges have been generated via either
photoionization during optical excitation (48, 53) or impact ionization in the case of excitation with
a short pulse of energetic electrons (52). Better control over the degree of charging has been achieved
by introducing the extra carriers into QDs either electrochemically (54, 55) or using chemical
reductants (43).
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In one example of this latter type of study (43), extra electrons were injected into the quantum-
confined states of PbSe and PbS QDs using treatment with molecules of cobaltocene, which is
a mild reducing agent. Its reduction potential [-0.69 V versus the standard hydrogen electrode
(SHE) (56)] is above the conduction-band edge of both bulk PbSe (0.2 V versus SHE) and PbS
(0.1 Vversus SHE) (57), suggesting the possibility of ground-state electron transfer from cobaltocene
to these semiconductors. However, for QDs of these materials, the conditions for electron transfer
change as a result of the effects of quantum confinement. Specifically, as the electron 1S, band-edge
level shifts up in energy with decreasing QD size (Figure 3a), the driving force for charge transfer
decreases up to the point at which the process becomes unfavorable. On the basis of size-dependent
1S, energies (58), one can expect that cobaltocene-to-QD electron transfer shuts off for particle
diameters smaller than ~3.2 nm (PbSe QDs) and ~4.2 nm (PbS QDs) (Figure 3a).

Following electron transfer to the 1S, state, the QD band-edge (1S) absorption peak is expected
to be bleached (Figure 3b) due to state filling (Pauli blocking). In the case of PbSe and PbS QDs,
with an eightfold degenerate 1S, state (46), the bleach amount (Aays) scales linearly with the
number of extra electrons (Ne): ‘AOL15|/0L0,1S = ‘OL15 — 0L0’15| /0(0’15 = Ne/8 (59), where Q0,18 and Qs
are the amplitudes of the 1S absorption peak in the untreated and treated samples, respectively.
Indeed, when cobaltocene is mixed with PbSe QDs, the 1S peak amplitude is reduced (Figure 3¢),
which is similar to the effect observed in previous studies on electrochemical charge injection (60).
In the experiments in Reference 43, the effect was most pronounced in the biggest QDs (7.9-nm
diameter; E, = 0.60 eV), for which the driving force for electron transfer is the largest. In these dots,
the 1S feature was completely bleached, indicating the injection of at least eight electrons per QD in
the ensemble. The band-edge bleach decreased in smaller QDs until it became virtually un-
noticeable in the smallest particles (Figure 3¢, solid and dashed purple lines), for which the driving
force is the lowest (Figure 3a).

In addition to modifying interband absorption involving valence-band to conduction-band
transitions, doping is expected to give rise to a new midinfrared absorption feature due to activa-
tion of an intraband transition, which promotes the injected electrons from the 1S, to the 1P, level
(60, 61) (Figure 3b). As the second peak in interband absorption is due to the 1S,~1P,. and 1P,~1S,
transitions (they have nearly identical energies) (62) (Figure 3d), its separation from the 1S peak
provides a measure of the energy of the intraband 1S, to 1P, transition, which for 7.9-nm PbSe QDs is
165 meV (43) (Figure 3d, black solid line). Indeed, along with 1S bleaching, cobaltocene treatment of
the QDs produced a new midinfrared feature located exactly at 165 meV (Figure 3d, red dashed line),
confirming that the charges were indeed introduced into the quantized 1S, level.

The studies found in Reference 43 indicate that doping has a dramatic effect on PL efficiency
(Figure 4a) and on the dynamics of photogenerated carriers in PbSe QDs (Figure 4b) that are
primarily due to activation of an additional recombination channel associated with fast non-
radiative Auger decay. On the basis of statistical considerations (see Section 2.1) the radiative
lifetime of an exciton in the presence of N, extra charges, T(Ne 1,11, 1S shorter than that of a neutral
exciton [typically hundreds of nanoseconds (63)] by a factor of (N, + 1). In reality, due to ac-
tivation of Auger recombination, if even one additional electron is introduced into the QD, the
measured lifetime of the singly charged exciton (7_1a) is reduced down to subnanosecond
timescales (53). Therefore, PL QY of a charged sample is dominated by the QDs that remain
neutral (i.e., uncharged). Assuming that the distribution of extra charges across an ensemble is
Poissonian, the fraction of uncharged dots can be found from f = exp(-<N,>), where <N,> is the
average per-dot doping level in the sample. By plotting f, as a function of <N,> derived from the
bleach of the 1S absorption peak, one can indeed closely describe the experimental results on PL
quenching without any adjustable parameters (solid line in inset of Figure 4a; data shown by
symbols are from Reference 43).

www.annualreviews.org * Multicarrier Interactions in Semiconductor Nanocrystals

291



292

Energy (eV)
A
o
T

r P
Circles: PbSe QDs bSe
Squares: PbS QDs
_45 1 L 1 L 1 L 1
’ 2 4 6 8
QD diameter
C ; 7 d —_— r
| PbSe QDs | — pristine  15n-15
- - | eeeeee DOped
3 3
) )
g g 15¢-1P,
[ o
£ .
o ]
w w
K-} a
< < |
0 0.6 0.9 12
Energy (eV) Energy (eV)
Figure 3

(a) An energy level diagram illustrating the redox potential of cobaltocene (dashed black line) in comparison
to the conduction-band states in PbSe (solid gray line) and PbS (dash-dot gray line) quantum dots (QDs).
Colored symbols correspond to PbSe (circles) and PbS (squares) QD samples studied in Reference 43. (b)
Illustration of the effect of electron injection from cobaltocene on optical absorption of a QD. The interband
1S,-1S. and 1P},-1S, features are bleached because of blocking (partial or complete) of the 1S, state by the
injected electrons. This is accompanied by the development of a new mid-infrared absorption feature caused
by the intraband 1S.-1P, transition. (c¢) The QD size-dependent absorption spectra of PbSe QDs before
(solid lines) and after (dashed lines) treatment with cobaltocene; color coding matches that in panel a. Note that
the effect of the bleaching of the band-edge absorption feature associated with electron injection increases
with decreasing Eg, i.e., increasing QD size. (d) Mid- to near-infrared absorption spectra of pristine (solid gray
line) and cobaltocene-treated (dashed red line) PbSe QDs with a band gap of ~0.6 eV. The treated sample
exhibits a new mid-infrared band at 165 meV, which matches the energy spacing between the 1S, and the
1P, electronic states, as expected for the intraband 1S.-1P, transition. Adapted from Reference 43.

A TA experiment was utilized to directly monitor the effect of doping on carrier dynamics (43).
Figure 4b shows a series of TA dynamics measured at the center of the 1S transition as a function of
doping level (PbSe QDs with E, = 0.67 eV). Initially, the sample was doped with approximately
four electrons per dot, as inferred from the magnitude of the 1S bleach. The sample chosen for these
measurements did not have any protective CdSe coating and was gradually losing extra charges on
the timescale of a few hours, which was accompanied by recovery of the 1S absorption feature.
[This behavior is in contrast to PbSe/CdSe core-shell QDs that maintained doping for at least
amonth (43)]. The TA traces were taken at different times during this recovery and were analyzed
using a double exponential fit in order to capture the exciton lifetimes in the most heavily and most
lightly doped NCs. The results are plotted in Figure 4c and compared with the Auger lifetimes of an
exciton with 1, 2, 3, and 4 extra charges (X_; =X",X_ _,X_ _ _jand X_ _ _ _q, respectively),
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Figure 4

(a) Cobaltocene concentration—dependent photoluminescence (PL) quenching of PbSe quantum dots (QDs). Inset: PL intensity (symzbols)
as a function of the average number of injected electrons derived from <N.> = 8|Aays/a 15|, along with the calculated PL intensity (line).
(b) 1S bleach dynamics of the cobaltocene-treated PbSe QD sample during 1S absorption recovery (inset) measured using excitation
at 1.55 eV with a pump flux of ~0.4 photons absorbed per pulse per QD. Color coding is the same in the main panel and in the inset;
different colors correspond to different times after treatment with cobaltocene (see inset). (¢) Two time constants (symbols; color
coding is the same as in panel b) of the recovering sample derived from a double exponential fit of the measured 1S bleach decay. Horizontal
dashed lines represent Auger lifetimes of an exciton in the presence of different numbers of excess electrons from 1 to 4. (d) Auger
recombination lifetimes of biexcitons (1,4), and negative (1.15) and positive (7,14) trions in standard thin-shell CdSe/ZnS QDs with

different band gaps. Adapted from References 43 and 52.

which were calculated using statistical scaling from the biexciton lifetime (1,4 = 104 ps; measured
for the pristine undoped sample). For example, based on the latter value, the lifetime of the singly
charged exciton (negative trion) is 7_15 = 47,4 = 416 ps.

The comparison indicates that the shortest time constant measured for the freshly treated
sample is close to that of X_ _ _ _4, as expected for NCs doped with ~4 electrons, whereas
the long time constant lies in between the values estimated for X_; and X__;. During the 1S
bleach recovery, the initial time constant becomes progressively longer as a result of discharging
of the NCs and eventually approaches the value expected for a negative trion.

The fact that in PbSe QDs 7_1 4 is approximately four times the biexciton lifetime suggests that
T_1A = Ty1a, as expected for a material with mirror symmetric conduction and valence bands. The
symmetry between the X~ and X" recombination pathways can be distorted in QDs of II-VI
semiconductors because of a significant difference between the conduction and valence bands.
Specifically, a much higher density of valence-band states favors the positive trion Auger
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recombination channel (Figure 2b), for which the energy conservation requirement is easier to
meet. Recent measurements (52) have evaluated the biexciton and negative trion Auger lifetimes in
thin-shell CdSe/ZnS QDs using picosecond time-resolved cathodoluminescence. The results of
these measurements are summarized in Figure 4d (7,14 is derived from the measured 7_;5 and
T24). One can see that in larger dots (E, = 1.94 eV), 714 and 7_;  are close to each other (770 ps
and 799 ps, respectively). However, as the dot size is decreased, the X~ Auger pathway gets
progressively suppressed because of increasing separation between the conduction-band states so
that in QDs with E, = 2.34 eV, the Auger lifetime of the positive trion (129 ps) is approximately
half as long as that of the negative trion (254 ps).

The asymmetry between the X~ and X" recombination pathways is further enhanced in core-
shell structures that feature a significant difference in effective localization radii of electrons (R.)
and holes (R},). For example, in so-called giant quasi-type-I1 CdSe/CdS core-shell QDs (g-QDs) (64,
65), which feature very thick shells, the electron is delocalized over the entire nanostructure,
whereas the hole is confined to the smaller core; hence, R. is much greater than Ry,. This enhances
the Auger decay rate of the positive versus negative trion because of increased probability of hole-
hole scattering events (involved in the X" decay channel; Figure 2¢) compared with electron-
electron scattering (involved in the X~ decay channel; Figure 2¢). For example, based on a recent
experimental study of core-shell CdSe/CdS QDs (66), in samples with core radius = 1.5 nm and
shell thickness H = 5.5 nm, 7_15 = 5 ns and 7,4 = 0.35 ns. These values yield 7,15 = 0.81 ns,
which suggests a very significant asymmetry between the X~ and X" Auger decay channels, with
T 1A ~ 6T 1A

2.3. The Role of Quantum Dot Interfaces in Auger Recombination

As was pointed out in the introduction, Auger recombination complicates practical realization of
many QD applications, including LEDs, PV cells, and especially lasers, as all of these applications
either rely directly on emission from multiexcitons (lasers) or are influenced by the effects of
charging (LEDs, PVs, and single-photon emitters). Therefore, the development of approaches for
suppression of Auger recombination represents an important current challenge in the field of
colloidal nanostructures.

As was first reported in Reference 31, in monocomponent QDs, the multiexciton Auger re-
combination time scales linearly with particle volume (sometimes referred to asa V-scaling), which is
auniversal trend observed for a large number of compositions (41). Although Auger lifetimes exhibit
a quick increase with QD size, they are still short (subnanosecond timescale), even in large QDs with
sizes approaching that of a bulk exciton. An alternative approach to reducing Auger decay rates is
based on inducing spatial separation of electrons and holes, which reduces wavefunction overlap
for the ground-state electron and the hole participating in the recombination event. This strategy
was explored, for example, using type-1I core-shell QDs (35, 67) and dot-in-rod nanostructures
(68).

Reduced e-h overlap is also one of the reasons for Auger decay suppression in CdSe/CdS core-
shell g-QDs, wherein electrons are delocalized over the entire structure while holes are tightly
confined within the small core (51, 64, 69). However, as was pointed out in Reference 70, the
V-scaling and the reduced e-h overlap alone were not able to explain very rapid lengthening of the
Auger time constant with increasing shell thickness. This observation suggests that other structural
characteristics of the QD, such as the properties of its interfaces, might play an important role in
Auger recombination.

Indeed, calculations by Cragg & Efros (71), as well as a follow-up theoretical study by Climente
etal. (72), have suggested that in addition to QD size, the shape of the confinement potential has
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a significant effect on the Auger decay rate. Specifically, these studies demonstrated that by smoothing
the confinement potential (by going, for example, from a sharp step-like potential to a smooth
parabolic profile) one can reduce the overlap between the initial and the final state of the carrier
excited during Auger recombination and thus achieve orders-of-magnitude reduction in the rate of
this process. This effect was invoked to explain suppression of blinking (i.e., PL intermittency) in
radially alloyed QDs (73) and was likely responsible for the increased intensity of multiexciton
emission from CdTe/CdSe QDs that was observed in studies found in Reference 74.

Recently, the correlation between unintentional interfacial alloying and suppression of Auger
recombination in CdSe/CdS QDs with varied shell thicknesses was detected by low-temperature
fluorescence line-narrowing studies (70). These measurements revealed that prolonged growth
of a thick CdS shell was accompanied by the development of a specific phonon-assisted PL feature
corresponding to a sum of longitudinal optical (LO) phonon modes of CdSe and CdS; this feature
is a signature of formation of a CdSe,S;_, alloy layer at the core-shell interface. Furthermore, it
was observed that the increase in the thickness of this layer directly correlated with lengthening
of the Auger decay time constant.

The studies in References 66 and 75 directly addressed the problem of the effect of interfacial
alloying on Auger recombination by studying carrier dynamics in core-shell CdSe/CdS QDs with
a well-defined CdSe,S;_y alloy layer incorporated between core and shell. These studies were
enabled by a novel synthesis (66) that allowed for a much faster growth of a thick CdS shell compared
to the more traditional successive ionic layer adsorption and reaction (SILAR) method (64, 65); the
application of fast shell growth was essential for avoiding unintentional alloying at the CdSe/CdS
interface. Using this method, it was possible to synthesize structures with two distinct interfaces: one
with a sharp core-shell boundary (core-shell, or C/S, QDs) and the other with a CdSe,S; _, alloy layer
incorporated between the core and the shell (core-alloy-shell, or C/A/S, QDs; see Figure 5a). Side-by-
side studies of spectroscopic properties of these QDs indicated that the incorporation of the in-
terfacial alloy layer did not have any appreciable effect on single-exciton PL, including its peak
wavelength (Figure 5b), dynamics (Figure 5¢), or emission QY (Figure 5d). However, the properties
of biexciton emission were considerably different between the C/S and C/A/S samples.

Figure 6a compares biexciton PL QYs in the two types of samples evaluated from single-QD
measurements of the second-order photon correlation function g'*(z) (75), which represents the
probability of detecting a photon at time ¢, when one PL photon was already detected at time zero.
In the case of pulsed excitation, and if g® is measured for spectrally integrated PL, the area ratio of
the central (2 = 0) to side (¢ = T; T is the pulse-to-pulse separation) peak is proportional to the ratio
of the biexciton (Q5) to the single-exciton (Q;) PL QY: Q2/0Q1 = g (0)/g®(T). The g**
measurements indicate that for the reference C/S dots, the biexciton PL QY is low (Q,/QO; < 0.03)
and does not significantly vary with H (gray symbols in Figure 6a). This behavior is a direct
consequence of fast biexciton Auger recombination, which in these structures occurs primarily via
a positive-trion pathway involving re-excitation of a hole (Figure 2¢). As was discussed in the
previous subsection, in thick-shell CdSe/CdS QDs, this channel is faster than the X~ pathway and
is not significantly influenced by shell thickness, as changes in H do not appreciably change the
effective volume of hole localization.

The alloyed QDs exhibit a distinctly different dependence of Q»/Q; on CdS shell thickness.
Even the thinnest shell sample (L = 1.5 nm and H = 0.5 nm; solid blue circles in Figure 6b) shows
fairly high values of Q,/Q; that are as much as ~0.16 for some of the dots (0.11 on average; red
symbols in Figure 6b). This suggests significant suppression of intrinsic Auger decay due to
a smoothened confinement potential at the core-shell interface (71). Interestingly, a further in-
crease in shell thickness does not appreciably affect the average value of O,/Q; (red circles in
Figure 6a; blue triangles, squares, and pentagons show measurements for individual QDs). Even
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(a) Schematic illustration of the synthesis of core-shell (C/S) and core-alloy-shell (C/A/S) quantum dot (QD) samples with approximate
energy diagrams of the resulting structures (CB and VB denote conduction and valence bands, respectively). (b) Photoluminescence
(PL) peak wavelengths of C/S (gray symbols) and C/A/S (red symbols) QDs as a function of total QD radius, which varies through varying
shell thickness for a fixed core radius of 1.5 nm and a fixed thickness (1.5 nm) of an intermediate alloy layer of CdSey 5So s; the yellow circle
shows a C/A sample without an outer CdS shell, and the black square shows a core-only CdSe sample. (¢) PL lifetimes for the same samples
as in panel b. (d) PL quantum yields for the same samples as in panel b.
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for the thickest shell dots (H = 5 nm), the average Q,/Q) ratio is only ~40% larger than for dots
with H = 0.5 nm. This observation implies that the presence of the alloyed layer, rather than the
CdS outer shell, plays a principal role in the suppression of biexciton Auger decay (dominated by
the X" pathway in these QDs) as was suggested by earlier studies of the effect of unintentional
alloying (70). Further, these results also suggest that a fairly wide spread in the O,/Q; values
among the dots with a nominally identical total size arises primarily from the variations in the
structure of the interfacial alloy layer rather than in the shell thickness or core size.

Recently, practical benefits of interface engineering have been demonstrated via direct studies
of the effect of interfacial alloying on the performance of QD-LEDs (Figure 6¢) (76). Specifically,
a side-by-side comparison of LEDs made of CdSe/CdS QDs with a sharp core-shell interface to
LEDs made using similar QDs but with an intermediate CdSey sSo 5 alloy layer demonstrates that
the use of alloyed dots resulted in a sizable improvement of the external quantum efficiency (EQE)
as well as a considerable increase of the threshold current for the onset of efficiency roll-off (Figure
6d). Both of these observations can be attributed to the increased emission efficiency of charged
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(a) CdS shell-thickness dependence of normalized biexciton photoluminescence (PL) quantum yields (QYs) (Q»/Q;) for reference core-
shell (C/S; gray) and core-alloy-shell (C/A/S; blue) quantum dots (QDs). The CdS-shell thicknesses for alloyed samples are 0.5 (circles),
1.5 (triangles), 4.0 (squares), and 5.0 nm (pentagons). For the reference QDs, H = 1.0 nm (squares) and 5.5 nm (diamonds). For dots with
a total radius of 7.0 nm, gray diamonds are slightly shifted left for clarity. Red circles show average values for the alloyed dots. (b) The
biexciton lifetime-versus-H dependence for the same samples as in panel a. (¢) Schematic illustration of the structure of a QD light-emitting
diode (LED) with an inorganic cathode [colloidal particles of zinc oxide (ZnO) deposited on top of an indium tin oxide (ITO) electrode] and
a hybrid organic/inorganic anode [a layer of 4,4'-Bis(N-carbazolyl)-1,1’-biphenyl (CBP) separated from an Al electrode by a MoO,
spacer]. Electrons and holes are injected from the ZnO/ITO and the CBP/MoO,/Al sides, respectively. (d) External quantum efficiency
(EQE) versus current density for two QD-LEDs: one employing CdSe/CdS QDs with an abrupt interface (black diamonds) and the other,
CdSe/CdSe,S;_/CdS QDs (x is approximately 0.5), with an alloyed interface (red circles). Both QD samples have the same core radius of
1.5 nm and the same total radius of 7 nm; the thickness of the CdSe,S; _ alloy layer is 1.5 nm. The LED made from alloyed dots shows
a higher EQE as well as a higher current for the onset of the EQE roll-off. Adapted from References 75 and 76.

species (including charged excitons and multiexcitons) due to considerable suppression of Auger
decay in QDs with alloyed interfaces. These findings demonstrate the large potential of a new
approach of interface engineering for manipulating the rate of Auger decay and perhaps of other
Auger-type processes, such as Auger ionization (30, 77) and CM (32).

3. CARRIER MULTIPLICATION

3.1. Carrier Multiplication and Solar Energy Conversion

In a traditional photoexcitation scenario, absorption of a photon with energy hw > E, results in
a single e-h pair, whereas the photon energy in excess of the energy gap is dissipated as heat by
exciting lattice vibrations (phonons). Strong carrier-carrier interactions can, in principle, open
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a competing carrier relaxation channel, in which the excess energy of a hot conduction-band
electron or a valence-band hole does not dissipate via electron-phonon scattering but is instead
transferred to a valence-band electron, exciting it across the energy gap in a collision-like, impact-
ionization event (Figure 7a). As a result, absorption of a photon produces not one but two e-h pairs;
accordingly, this process is often referred to as CM. Strong motivation for CM studies has been
provided by potential applications in PV technologies in which this effect can be utilized to increase
power conversion efficiency of solar cells via increased photocurrent (37, 38, 78-81).

The ideal CM yield is described by a staircase function in which each increment of the incident
photon energy by the band gap results in a new e-h pair, that is, the increase of quantum efficiency
(QE) of photon-to-exciton conversion by 1 or 100% (Figure 7b, gray solid line). In the CM case,
QE is greater than unity, and the value of 1 = (QE - 1) defines the multiexciton yield. In bulk
semiconductors, CM was first observed in the 1950s (82) and since then has been studied ex-
tensively both experimentally and theoretically. In contrast to the ideal staircase, the QE measured
for bulk materials in the case of optical excitation typically exhibits a near linear growth above
a threshold energy of hwy, (Figure 7b, red line). The inverse slope of this dependence represents
a measure of the e-h pair creation energy (ee, = A[(QE)/A(hw)] ™! = [An/A(hw)] "), which is the
energy required to generate a new e-h pair at spectral energies above fiwy,. As indicated by a large
body of experimental data (e.g., see Reference 83), the spectral threshold of CM and &y, are linked
by the relationship fwy,= ee, + E,.

On the basis of energy conservation alone, the minimal values of ., and hwy, are E, and 2E,,
respectively (Figure 7b, blue dashed line). However, because of momentum conservation, a new
e-h pair produced via impact ionization must carry nonzero kinetic energy. This results in an
additional kinetic contribution (Ex) to €., which in the free-carrier approximation can be
expressed as Ex ~ 1.8E, (84, 85). Phonon losses (E,p) lead to a further increase in e, by ap-
proximately 0.5 to 1.0 eV (84, 85). Given the above considerations, the e-h pair creation energy can
be calculated from €., = E; + Ex + Epp, which implies that in bulk materials, ., is at least ~3E,,
instead of the ideal value of E,. Respectively, the CM threshold is at least ~4E,, as compared
with the energy-conservation-defined limit of 2E, (Figure 7b, red solid line). For traditional PV
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(a) A sequence of events involved in carrier multiplication. (Left) Absorption of a high-energy photon produces a hot conduction-band
electron; (middle) this electron transfers its excess energy to the valence-band electron via an impact-ionization-like event, exciting it across the
energy gap; (right) this leads to generation of a second e-h pair. (b) Ideal staircase-like quantum efficiency (QE) of photon to e-h-pair
conversion observed in the energy-conservation-defined limit (solid gray line) in comparison to a more realistic semi-ideal linear dependence
(€eh = Eg3 hwy, = 2E,; dashed blue line) and a typical dependence observed for bulk solids (ee, > 3Eg; fiwe, > 4E,; solid red line).
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materials, such as Si, GaAs, and CdTe, with band gaps of 1.1 to 1.4 eV, the theoretical spectral
onset of CM is near or above ~4 eV. Given that only a very small fraction of solar radiation is available
at these energies, the benefits from CM in the case of bulk-semiconductor-based PVs are negligible.

Aswassuggested by Nozik (81), CM can be enhanced by using quantum-confined QDs. A wide
separation between electronic states has been expected to suppress phonon losses leading to
a reduced contribution from E, to the e-h pair creation energy (81). Further, previous studies of
the effect of a varied E, on Auger recombination (40), as well as the analysis of Auger lifetimes in
QDs of direct- and indirect-gap semiconductors (41), strongly suggest that in the QDs, trans-
lational momentum is not conserved in carrier-carrier collision processes. This could, in principle,
further reduce ¢, by reducing E,.. These considerations have motivated recent renewed interest in
CM with a focus on quantum-confined nanostructures.

The first experimental evidence for efficient CM in QDs was provided by spectroscopic studies
of PbSe QDs reported by Schaller & Klimov in 2004 (32). An especially important result of this
work was the observation of a considerable reduction of the CM threshold compared with bulk
PbSe (to below 3E,), confirming a beneficial effect of quantum confinement on the CM process.
Later, spectroscopic signatures of CM were observed for QDs of other compositions (86-90),
including the important PV material Si (91, 92). Recent studies of QD solar cells have shown that
CM can indeed produce greater-than-unity quantum efficiencies in photon-to-charge-carrier
conversion (93), firmly establishing the relevance of this process to practical PV technologies.

3.2. Spectroscopic Measurements of Carrier Multiplication

As was proposed in the original report on CM in QDs (32), the efficiency of this process can be
evaluated from the Auger decay signal of multiexcitons measured using either TA or time-resolved
PL. In such measurements, multiexcitons are distinguished from single excitons on the basis of the
significant difference in their recombination timescales (32). For example, in PbS and PbSe QDs,
single-exciton lifetimes are on the order of hundreds of nanoseconds to microseconds, which
means that in a typical ultrafast measurement limited to a few nanoseconds, the single-exciton
signal is essentially constant. However, because of fast Auger recombination, multiexcitons have
lifetimes of tens to hundreds of picoseconds and therefore are observed as a fast early-time
component that decays to the single-exciton background (see Figure 8a).

In the case of TA measurements, one usually monitors the pump-induced bleach of the lowest
energy 1S absorption feature (Aas) as, for example, in studies shown earlier in Figure 4b. The
value of Aa is directly proportional to the filling factor of the 1S state. In the case of PbS and
PbSe QDs with a high, eightfold degeneracy of the 1S state, Aas is also proportional to the total
number of excitons residing in the QD, as in most of the practical situations realized experimentally
the QD occupancy does not exceed eight. Thus, the amplitude of the 1S bleach immediately follow-
ing excitation with a short pulse (usually referred to as a) represents a measure of the total number
of excitons generated in the QD ensemble. Because of Auger recombination, multiexcitons
originally produced via either multiphoton absorption or CM quickly decay to single excitons. As
a result, the long-time signal that is measured following Auger recombination (b) is defined simply
by the total number of photoexcited QDs. The average exciton multiplicity (<N,>), i.e.,
the average number of excitons per photoexcited QD, can be obtained from the ratio of a and
b: <N,> = a/b. This quantity is of special importance in the case of CM studies, as its value
measured in the limit of zero pump fluence (j) defines the QE of photon-to-exciton conversion, i.e.,
QE =14 m = lim; o <N,> = lim; _ (a/b) (94, 95).

The average exciton multiplicity can be related to the average QD occupancy <N> (introduced
earlier) by <N,> = <N>/(1 - po), where py is the fraction of unexcited (N = 0) QDs in the sample.
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Without CM, the distribution of carrier populations across the QD ensemble immediately following
excitation is Poissonian and <N> is simply equal to <N,ps>, where <N,,.> = jo is the average
number of photons absorbed per QD per pulse and o is the absorption cross section. This leads
to the following expression for the exciton multiplicity: <N,> = <N,ps>/[1 — exp(<Nype>)] =
jpo/[1 — exp(— j,o)], which indicates that the low-intensity limit of <Ny > is unity and hence
QE =1, as expected in the regime without CM.

In the case of CM, the distribution of photon absorption events remains Poissonian; however, the
resulting carrier distribution across the QD ensemble is non-Poissonian (95). To relate <N, > to
<N,p,s> in this case, we consider the regime in which CM can produce no more than one additional
exciton, and hence the multiexciton yield (i.e., in this case the probability of generating an additional
e-h pair) is less than unity. In this situation, <N> ==, _ o «P;nqm> Where p,, is the Poisson
probability of absorbing 72 photons and gy, is the average number of excitons generated in dots that
absorbed 72 photons. When one photon is absorbed, the dot can have either a single exciton with
probability (1 — m) or a biexciton with probability . As a result, g; = (1 — m) +2n =1 + . If two
photons are absorbed, there are three different possibilities: Both photons produce single excitons
[probability (1 — m)?], both produce biexcitons (probability n?), and one produces an exciton and
the other a biexciton [probability 2n(1 — m)]. As a result, g, = 2(1 — n) + 40> + 1+ n =2(1 + g).
In general, q,, = m (1 + q), and hence, <N> = (1 + 1) <N,ps>. This further yields <N,> =
(1 + m)<Naps>/[1 — exp(—<N,ps>)] or, in terms of TA amplitudes,

a/b =QE <Nabs>/[1 - exp(_ <Nabs>)] . 4.

In the regime of low excitation intensities when <N,,s> << 1, one can only keep a term linear in
<N,ps>, which yields <N> = a/b ~ (1 + m)(1 + <Nups>/2) = QE(1 + j,0/2). This expression
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indicates that QE can be directly inferred from pump intensity—dependent measurements of
exciton multiplicity via linear extrapolation of <N,> to zero fluence. Alternatively, one can
employ the exact expression given by Equation 4 to fit experimental data and in this way derive QE.

Similar considerations can be applied in the analysis of PL time transients (48). One important
distinction of PL from TA is that the PL intensity (Ipy ) scales as a product of QD electron and hole
occupancies. Therefore, the emission rate of a biexciton (r.,, = 7») is four times that of a single
exciton: 7, = 4rq (see Section 2.1). As a result, in the regime in which the CM yield is no greater than
one, the early time PL signalis A = (1 — m)ry +m72 = (1 + 37m)r1, whereas the amplitude of the long-
time single-excitonic signal is B = 71. On the basis of these relationships, n = (A/B — 1)/3 and QE =
(A/B + 2)/3. This expression indicates that PL is a more sensitive probe of CM than TA, as the
multiexciton-related component resulting from CM is amplified in PL threefold (A/B — 1 = 37)
compared with TA (a/b — 1 = ).

Figure 8 displays an example of CM measurements of PbSe QDs from Reference 96 that were
conducted using femtosecond PL up-conversion (uPL), a technique in which subpicosecond
temporal resolution is achieved by frequency mixing sample emission with an intense, variably
delayed gating pulse in a nonlinear optical crystal. Figure 8a shows a series of time transients
recorded using sub-CM threshold excitation at 1.54 eV, with different per pulse fluences that
correspond to <N_ps> from 0.022 to 6.2. The high fluence traces show a pronounced initial fast
component due to Auger recombination of multiexcitons, which results in an A/B ratio greater
than unity. As the fluence is decreased, the A/B ratio decreases and approaches unity in the limit
<N.ps> — 0 (inset of Figure 8b, red symbols). In the case of 3.08 eV excitation (Figure 8b), the
overall signal behavior is similar. However, the low-intensity limit of the A/B ratio is greater than
unity, indicating contributions from CM. The zero-fluence extrapolation of the measured A/B
values (inset of Figure 8b, blue symbols) yields m = 0.2, which corresponds to QE = 120%.

3.3. Effects of Photocharging

Early CM studies were mired in confusion, as a large spread in the QEs measured for nominally
identical materials appeared in the literature (50, 89, 97-100). More recent investigations have
established that those large discrepancies originated primarily from uncontrolled photocharging
of QDs (48, 96). Common approaches to mitigating this problem involve the use of stirred (48, 50,
96, 97) (as in Figure 8) or flowed (101) QD solution samples, which prevents accumulation of long-
lived charged species within the excitation volume. After eliminating these artifacts, photocharging-
free measurements show good agreement between data sets obtained by different groups and/or
different spectroscopic techniques (34, 48, 83).

The effect of charging on CM measurements is illustrated in Figure 9a, which compares PL time
transients in a static versus a stirred sample. The static sample shows an increased early time signal
and a decreased amplitude of the long-time slow background, which results in an apparentincrease
in the A/B ratio. This distortion is more pronounced at high pump intensities, but it persists in the
limit of low fluences (Figure 9b) and eventually can result in the overestimation of the CM yield.

The role of charging on CM measurements was analyzed in great detail in Reference 48. The
model used in this analysis is illustrated in Figure 9¢c. It compares a sequence of recombination
events in the case of CM in a neutral (Figure 9¢, top row) versus a charged (Figure 9¢, bottom row)
QD. A biexciton generated in a neutral QD decays via the Auger process to a single exciton. The
corresponding emission rate, which defines the PL intensity, changes from A =7, =4r; to B=r.
The charged biexciton generated in a QD containing an excess electron is brighter than the neutral
one, as it emits with the rate of 67;. This charged biexciton first decays via Auger recombination to
a charged exciton (trion) and then to a single nonemitting charge. These changes (an increase in the
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(a) Photoluminescence (PL) dynamics for static (circles) and stirred (black solid line) solutions of PbSe quantum
dots (QDs) with E, = 0.63 eV excited at 3.08 eV (<N,ps> = 1.4). (b) The ratio of the early-to-late time
PL signals (A/B) as a function of <N,p,s> for 3.08 eV (gray crosses and blue circles are for stirred and static
samples, respectively) and 1.54 €V (red circles) excitation. (c¢) Sequences of recombination events in the case

of carrier multiplication in a neutral (fop row) versus a charged QD (bottom row). Adapted from Reference 48.

early time signal accompanied by a reduction of the signal at late times) are consistent with signal
distortions observed in the static sample. In fact, by using the degree of photocharging derived from
independent measurements of band-edge absorption bleaching or PL quenching in a static sample,
one can quantitatively relate the true CM yield measured on a stirred QD solution to the apparent
yield inferred from the measurement of a static solution (48).

Recently, several reports have investigated the properties of charged states created via pho-
toionization of PbSe and PbS QDs (53, 101, 102). The results of these studies have indicated that
photoionization is especially pronounced at above band-edge excitation energies, suggesting that it
occurs via ejection of a hot, unrelaxed charge. Further, the spectral dependence of the degree of
photocharging revealed the existence of two photoionization thresholds (hw;) associated with
onsets of weak (hwy; = 1.5E;) and strong (hwy; ~ 3E,) photocharging (102). These thresholds
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were tentatively assigned to the 1P and 2P QD states, respectively. It was also determined that the
probability of photocharging was fairly low, 10™* to 102 per absorbed photon (102). However,
the lifetime of the resulting charge-separated state was extremely long and characterized by tens-
of-seconds timescales. As a result, a large fraction of the QDs in a photoexcited sample could
cumulatively become charged even under the low-intensity excitation used in CM studies, leading
to the distortion of CM signals. The fact that the spectral onset of strong photoionization scales
with the band-gap energy and further is coincidentally near the CM threshold can be especially
deceiving in experimental measurements. This emphasizes the importance of a careful analysis of
the potential effects of photocharging on the results of spectroscopic studies of CM as well as
CM studies involving photocurrent or photoconductive gain measurements.

3.4. Comparison to Bulk Semiconductors and Relation to Practical Photovoltaics

As was discussed earlier, one of the original motivations for investigation of CM in QDs was the
expected enhancement of this effect due to strong quantum confinement. This enhancement has
indeed been observed experimentally if one compares QD with bulk CM yields by referencing
them to the relative photon energy normalized by E, (34, 48, 83, 96). Figure 10 shows a com-
parison of CM data for PbSe obtained by both ultrafast spectroscopy (Figure 10, blue symbols)
(34, 83) and photocurrent measurements (green symbols) (93), while the QEs of bulk PbSe films
(Figure 10, red symbols) were evaluated using ultrafast THz spectroscopy (103). From extrap-
olation of QD data to QE = 1, we find that the CM threshold is approximately 2.6E,, which is
much lower than that in bulk PbSe films (>7E,, according to Reference 103). Interestingly, the CM
onset measured for QDs is also considerably smaller than the 4E, minimum estimated by taking
into account both energy and translation momentum conservation (84, 85) and instead is close to
the limit defined by energy conservation alone. This is one of the predicted consequences of strong
quantum confinement, which has been expected to lower the CM threshold due to relaxation of
momentum conservation (40). Using the measured QEs one can estimate the e-h pair creation
energy based on the difference in QEs measured for the same sample at two different photon
energies. This procedure produces values from 2.3E, to 3.25E, (48), which are also lower than
those measured for bulk PbSe films (>4E,).

Although CM enhancement in QDs versus bulk is apparent when using normalized photon
energies (hw/Eg), the bulk CM yields appear to be higher than those in the QDs if analyzed in terms
of the absolute values of w without taking into account the confinement-induced increase in the
band-gap energy (48). These considerations have led to the discussion of the validity of the Zw/E,
representation in the analysis of CM yields as well as of the resulting conclusion on the CM en-
hancement in the QDs (97, 103). A convincing argument in favor of using the w/E, representation
comes from a comparison of CM performance of two materials with different band gaps but the same
ideal staircase-like QEs. In the absolute i representation for any given photon energy, the material
with a smaller E, shows an apparent enhancement in the CM performance compared with a larger-
gap material (Figure 10b). This assessment is obviously not accurate (both materials are ideal
multipliers), and it is a direct consequence of neglecting the difference in the band-gap energies.
On a normalized energy scale, both materials show the same QEs (Figure 10c¢), which immediately
leads to the correct assessment that they are identical with regard to their CM performance.

It is noteworthy that the practice of using the hw/E, scale in the analysis of CM data derives
from the earliest studies of bulk semiconductors. Even then, it was already acknowledged that the
band-gap energy represents the intrinsic energy scale of the CM process, and specifically that both
£eh and hay, are directly linked to the band-gap energy (84, 85) by proportionality factors that are
ideally close to 3 and 4, respectively.
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(a) Quantum efficiencies (QEs) of photon-to-exciton conversion in PbSe quantum dots (QDs) versus those of bulk PbSe films (red triangle)
(103) as a function of hw/E,; the QD data were obtained via several complementary techniques: transient absorption (blue solid circle, blue
open circle; data from References 34 and 83, respectively), transient photoluminescence (blue square) (34), and photocurrent
measurements (green diamond) (93). The carrier multiplication (CM) threshold (hwg,) in the PbSe QDs is greatly reduced compared with
bulk PbSe. Ideal cases set by energy conservation are shown by a solid gray line (ideal staircase) and a dashed gray line (more
realistic dependence with e, = E, and hoy, = 2E,). Adapted from Reference 34. (b) QEs of two ideal CM materials with different band
gaps (0.5 eVand 1.25 eV) plotted as a function of the absolute photon energy . (c) QEs of the same materials as in panel b but plotted as a
function of the normalized photon energy w/E,.
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The analysis of the PV performance of CM-exhibiting materials also suggests that the CM-
related enhancement in the PV conversion efficiency is controlled not by the absolute values of
the CM threshold and the e-h creation energy but by the proportionality factors that relate these
quantities to the band-gap energy (37, 38, 83). Specifically, the closer wy, and €., come to 2E, and
E,, respectively, the stronger the PV performance. According to detailed balance calculations, the
thermodynamic limit of a single-junction PV in the absence of CM is ~31% (104). In the case of CM
described by the ideal staircase-like QE (Figure 7b, gray line), this limit is increased to 43 %—45 %
(37, 80). However, a more common situation realized in both bulk and QD systems is a linear
growth of QE with iw beyond the onset at hwy,, with an inverse slope defined by €., (Figures 7b and
10a). In the case when hwy, and e, are limited just by energy conservation (e, = Eg and iwg, = 2E,;
Figure 7b, dashed blue line), CM still produces a considerable improvement in power conversion
efficiency, which can reach ~37% (83). However, the CM-related gains quickly decrease with
increasing numerical prefactors in e.;, and iwy,. Specifically, for experimentally observed values of
€ch of approximately 2E, to 3E, and hiwy, of ~2.6E,, the power conversion efficiency shows only
a marginal increase due to CM of up to 1%.

3.5. Window-of-Opportunity Carrier Multiplication Model

The above discussion of CM results for PbSe QDs, as well as the analysis of published CM data for
other materials, indicate that even in nanostructures with the strongest CM performance, such
as PbSe nanorods (105, 106) and Si QDs (91, 107, 108), the QE of photon-to-exciton conversion
within the PV-relevant spectral range is still not sufficiently high to appreciably increase power
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conversion efficiency of practical devices (37, 38). This highlights the need for new nanostructures
tailored to enhance CM for energies relevant to solar energy conversion. One complication in the
development of such materials is the lack of an established theory for treating this process in
quantum-confined nanoparticles. For example, in addition to traditional impactionization models
(109-114), there have been a number of other approaches that rely on specific physics of strongly
confined nanostructures, including quantum-mechanical superposition of single-exciton and
biexciton states (115, 116), direct photogeneration of multiexcitons via virtual single-exciton and
biexciton states (94, 117-120), and quantum cutting of an incident photon to produce two
excitons in adjacent NCs (92, 121).

To facilitate the search for new, more efficient CM materials, recently Reference 122 proposed an
experiment-inspired window-of-opportunity model of CM, which treats this process in terms of
a competition between impact-ionization-like scattering and non-CM energy losses. An important
feature of this model is that it allows one to relate a key CM parameter, the e-h pair creation energy, to
two easily measurable quantities: the biexciton Auger lifetime and the rate of carrier relaxation at
near band-edge energies, which are used, respectively, as surrogates for the characteristic time of an
individual CM event and the rate of cooling processes competing with CM.

In order to resolve g, into its constituent mechanisms (i.e., the processes responsible for CM
and non-CM energy losses), we consider the situation in which the material is excited slightly
above the CM threshold. In this case, the relaxation time window (T) available for CM (window of
opportunity) (Figure 11a) is short compared with the timescale of the individual CM event (tcpm),
and the multiexciton yield (or CM yield) can be estimated from = QE — 1 = T/tcy. This can be
further rewritten as M = (Eexe — Em)/(Reoorrom) if we express T in terms of the energy of a hot
photoexcited carrier (E,,.) minus the minimal carrier energy required to initiate CM (Ey,) and
divided by the energy-loss rate during intraband cooling (k..o1). Given that photoexcitation
produces both an electron and a hole, the total multiexciton yield is a sum of contributions due
to both carriers: 1 = M. + M. Assuming that Tcn, Reools and Ey, are similar for electrons and holes
(a reasonable assumption for the IV=VI semiconductors considered here as they are characterized
by mirror-symmetric conduction and valence bands), we can present the CM yield as = (Ecxe —
hwm ) (keoortem)- From this relationship, ., = d(hw)/dn = keooimrom, Which indicates that &g, is
defined by the competition between CM and carrier cooling and suggests that a reduction in &g,
(i.e., an increase in QE) can be achieved by reducing either k.o, or Tcam, or both. The above
simplified treatment, which has assumed a near-threshold excitation of CM (i.e., a single CM event),
can be generalized for the situation of an arbitrary excess energy of a photoexcited carrier
when multiple CM events are possible (Figure 115). Analytical and Monte Carlo approaches for
such generalization were discussed in Reference 122. Both of these approaches allow for an ac-
curate description of experimentally measured CM yields as illustrated in Figure 116 for PbSe QDs.

3.6. Effect of Quantum Dot Size

We first apply a window-of-opportunity model to rationalize the observed size-dependent trends
in CM. These trends can be inferred from the variation in the CM yields measured for a fixed
excitation energy for QDs of different sizes and, therefore, different band-gap energies. An ex-
ample of such measurements is shown in Figure 115 (red symbols) using a plot of QE versus
normalized photon energy, hw/E,. In this representation, the experimental data show an ap-
proximately linear growth, which suggests the following scaling for the multiexciton yield:
1 % (hw/E; — a), where o is a constant relating fiwy, to Eg (hog = aEg; for PbSe QDs « is ap-
proximately 2.6). Given that ., is defined by (dn/dhw) ™", the observed scaling suggests that e.p, is
directly proportional to Ey: e, = BEg, where B is a size-independent constant. Although this is
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(a) In the window-of-opportunity model, carrier multiplication (CM) yields are defined by the competition
between impact-ionization-like events, producing new e-h pairs (characteristic time constant Tcy) and non-
CM energy losses (energy loss rate keool). (0) Quantum efficiencies (QEs) of photon-to-exciton conversion
measured for PbSe QDs of various sizes (red circles; 3.1 eV excitation) are modeled using Monte Carlo
calculations (solid jagged lines). The shaded filling indicates that QE is composed of different orders of
CM events (i.e., zero, one, two, etc., additional excitons produced via CM). Adapted from Reference 122.
Abbreviations: CB, conduction band; VB, valence band.

functionally similar to the trend observed in bulk semiconductors, where 8 is at least 3, in QDs this
seemingly simple scaling likely arises from a complex interplay between correlated size-dependent
changes in the CM rate and the rate of competing non-CM energy losses, as discussed below.

To rationalize the observation of direct scaling of e, with E,, studies found in Reference 34
analyzed size-dependent trends expected for Ty and ko). Because direct measurements of ey
are not straightforward, it was suggested that the time constant of biexciton Auger recombination
(T2a) can be used as a surrogate for Tcy. As was discussed earlier, biexciton Auger decay is the
inverse of CM, and, therefore, both processes are described by the same Coulomb matrix element.
However, because of the involvement of different densities of final states (single exciton in the case
of Auger decay and biexcitons in the case of CM), 7,4 is proportional rather than equal to the
characteristic CM time. Therefore, the measurements of Auger decay do not provide an absolute
value of ¢y but only allow for evaluation of relative changes in the CM time constant between
QDs of different sizes or different compositions.

As was pointed out previously, Auger lifetimes in QDs exhibit a universal linear scaling
with the QD volume (V-scaling) (31, 41). Interestingly, not only the size dependence but also
the Auger lifetimes themselves are very similar across similarly sized QDs of different com-
positions, including both direct- and indirect-gap materials (41), despite vastly different Auger
constants in their bulk form (123). These universal trends likely derive from the relaxation of
momentum conservation, which diminishes the role of the exact band structure in Auger
recombination.

The direct relation between CM and Auger decay suggests that CM time constants also de-
crease with decreasing QD size, suggesting that this process is enhanced in smaller NCs (42).
However, given that ¢, is defined by the product of Tcp and koo, the overall effect of QD size on
multiexciton yields also depends on the size dependence of the non-CM cooling rate.
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Aswas proposed in References 34 and 122, the relative changes in k.., due to variation in QD
size or composition can be evaluated using standard measurements of carrier relaxation between
the two adjacent band-edge 1P and 1S states (k1pys) (124). Although the absolute values of the rate
measured in this way may differ from those at higher, more CM-relevant energies, they can still be
used as a surrogate for Ty because it is unlikely that the size- or composition-dependent trends at
high carrier energies are different from those at lower energies.

Early studies of CdSe QDs indicated that kpys scales inversely with the QD volume, that is,
kipis  R™2 (29, 125). More recent measurements indicate that a similar scaling also holds for
PbSe NCs (124). Further, both materials exhibit a similar V-scaling (i.e., as R®) of Auger life-
times. These considerations suggest that the product of k1ps and 7,4 is size independent, which
may itself be another universal trend for QDs. Combining this observation with the previous
expression for e.p,, we find that €., = kcooiTeom = p Rip1sT2a, Where p is a coefficient that accounts
for the effect of densities of exciton and biexciton states (34). Given the size independence of
kip1sT2a, the size-dependent trends observed for ey, are likely derived from the size or E, de-
pendence of p. Specifically, direct scaling of e, with E, suggests that p is also likely linear in E,.

3.8. Effect of Nanocrystal Shape

Recent studies of elongated NCs, or nanorods (NRs), suggest that one promising approach to
enhancing CM efficiency is through shape control, which might allow manipulation of Tcy by
manipulating the strength of carrier-carrier Coulomb coupling (105, 106). Figure 12a shows a plot
of QEs measured for PbSe NRs of various aspect ratios (colored symbols) in comparison to
those for spherically shaped QDs (gray symbols). A general trend seen for the NRs, namely the
increase in QE with increasing hw/E,, is similar to that observed for the QDs. However, for a
given fiw/E,, the NR data show a significant spread, indicating that in addition to the NR E,
(defined primarily by its radius), the NR length is also an important parameter in the CM
process.
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(a) Quantum efficiencies (QEs) of photon-to-exciton conversion for a series of PbSe nanorods (NRs) with various diameters and aspect
ratios measured using excitation either at 3.1 eV [red solid circles and red open diamonds are transient absorption (TA) and transient
photoluminescence (PL) measurements, respectively] or 4.65 eV (blue open diamonds) plotted as a function of w/E,. The NR results are
compared with literature values for PbSe quantum dots (QDs) (gray solid squares). (b) The carrier multiplication—yield enhancement
factors for NRs versus QDs with similar band gaps as a function of NR aspect ratio. Adapted from Reference 106.
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A significant dependence of CM performance on degree of elongation is illustrated in Figure
12b, where multiexciton yields of NRs normalized by those of QDs of the same E, are plotted as
a function of the NR aspect ratio defined as the ratio of the NR length (L) to its diameter (d). These
data show a progressive increase in the CM enhancement factor for NRs over QDs with increasing
L/d, which reaches 2-2.3 for aspect ratios of approximately 7. Further elongation leads to
a gradual decrease of the QE, first down to values typical of the QDs and then even below those.
From the QEs measured for a fixed excitation energy (3 eV) for NRs with varied E, and near-
optimal aspect ratios, the size-averaged (<&.,>) e-h pair creation energy is 2.7E, (106) (Figure 124,
red dotted line), which is a considerable improvement over <e.,> = 4.3E, observed for PbSe QDs.

An intriguing observation made in Reference 106 was that NC elongation has opposite effects
on CM and Auger recombination efficiencies. On the basis of recent studies (126), PbSe QDs and
NRs exhibit similar intraband dynamics, suggesting similar k.. rates. This implies that the CM
enhancement observed in NRs with moderate elongation is likely derived from shortening of the
CM time constant. This conclusion seems to suggest that Auger lifetimes should also become
shorter upon elongation. However, the 7,5 time constants for PbSe NRs are known to be sys-
tematically longer than those for the PbSe QDs (106). To explain this apparent discrepancy,
Reference 106 invoked the difference in the character of high- and low-energy excitations in the
NRs. Owing to strong e-h attraction typical of 1D semiconductors, band-edge electrons and holes
in the NRs are Coulombically bound into tightly confined excitons (127, 128). As a result, Auger
recombination becomes less efficient than in the QDs, as it occurs via two-particle collisions of
weakly interacting charge-neutral excitons (127, 129, 130). The situation, however, is different in
the case of CM, which involves hot, unrelaxed charges before they form bound excitonic states. In
this way, the CM mechanism in NRs is likely similar to that in the QDs, but it is mediated by
a stronger Coulomb interaction, which is enhanced due to reduced dielectric screening and the 1D
character of electronic states (127, 128).

3.9. Effect of Competing Energy-Loss Channels

In addition to Ty, an important parameter that directly affects multiexciton yields is the rate of
energy-loss processes competing with CM. An observation of direct correlation between the
intraband relaxation rates and multiexciton yields was first reported in Reference 131 via studies
of CM and Auger recombination in PbS and PbSe QDs. As expected on the basis of universal
V-scaling of Auger lifetimes, QDs of both compositions exhibited comparable values of 75 o (Figure
13a), and hence presumably similar CM time constants. However, the measured CM yields were
considerably higher in PbSe QDs than in PbS QDs (Figure 13b). These observations were ra-
tionalized by linking the observed difference in the QEs to the difference in energy losses due to
phonon emission estimated from the product of the constant of a polar carrier-phonon coupling
(arpor) and the energy of an LO phonon (hwr.0): kool * apoifiwr 0. On the basis of these estimations,
keool Was expected to be approximately 2.5 times larger in PbS QDs than in PbSe QDs. Owing to
direct proportionality between €., and ko1, this should translate into a factor of ~2.5 difference in
the e-h pair creation energies. Because of this considerably greater value of e, the PbS QDs were
expected to produce smaller multiexciton yields, as was indeed observed experimentally.

In Reference 122, these studies were extended to include PbTe QDs. Additionally, the esti-
mations of expected k.o rates based on bulk-material parameters were validated via direct
measurements of intraband cooling conducted by analyzing 1P-to-1S relaxation. The results of
these studies are illustrated in Figure 13¢, which compares buildup dynamics of the 1S band-edge
bleach in PbTe and PbS QDs of similar band-gaps (0.86 eV) excited with 1.5 eV, 50-fs pulses.
This buildup is significantly slower in PbTe QDs, indicating slower intraband cooling. To quantify
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Figure 13

(a) Biexciton Auger lifetimes for PbS, PbSe, and PbTe quantum dots (QDs) plotted as a function of confinement energy defined as
the difference between the band gaps of the QDs and the parental bulk semiconductor. The similarity of Auger time constants among the
three compositions suggests the similarity of the characteristic carrier multiplication (CM) times. (b) Quantum efficiencies (QEs) of
photon-to-exciton conversion for PbTe (blue triangle), PbSe (gray circle), and PbS (red square) QDs as a function of hw/E, for differently
sized QDs measured with excitation at 3.1 eV. Despite similar Auger time constants in panel a, these materials show strikingly
different CM yields arising from the difference in the non-CM energy relaxation rates. (¢) The buildup of the 1S bleach in PbS (top) and
PbTe (bottom) QDs measured by transient absorption. The red data points represent the instantaneous Coulomb shift due to hot
carriers; it is followed by slower growth due to population transfer from the 1P to the 1S state. The 1S-1P energy separation (AEs;p) is
derived from the absorption spectra (insets). Slower intraband relaxation in PbTe versus PbS QDs results in increased CM vyields

(see panel b). Adapted from References 34 and 122.

the difference between the two materials, one can estimate a near-band-edge energy-loss rate (kip;s)
from the ratio of the 1S-1P energy separation (AE{pys; insets in Figure 13¢) and the exponential
time constant of the 1S bleach buildup (71p;s). On the basis of intraband relaxation studies
that included all three compounds (PbS, PbSe, and PbTe), kip15(PbTe):kpis(PbSe):kpi5(PbS) ~
1:2.0:4.2. Together with the expected similarity between the 7oy time constants, these re-
sults suggest a progressive increase in the CM vyields from PbS to PbSe and then to PbTe.
The CM measurements agreed with this prediction (Figure 13b). In fact, analysis of the slopes of
the measured QE versus dependences indicated that the relationship between the e-h pair
creation energies (1:1.8:4.5 for PbTe, PbSe, and PbS QDs, respectively) is in close agreement
with that observed for the measured 1P-1S cooling rates. This once again validates a phenome-
nological window-of-opportunity model, which directly relates the e-h pair creation energies
to Tem and Reool.
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3.10. Enhanced Carrier Multiplication via Intraband Cooling-Rate Engineering

On the basis of observations in References 122 and 131, which suggest a significant effect of
competing energy loss channels on the overall multiexciton yield, one might attempt to design
ananostructure with slowed intraband cooling for enhancing CM. An example of such a structure
is shown in Figure 144 (C. Cirloganu, L.A. Padilha, Q. Lin, N. Makarov, K.A. Velizhanin, H. Luo,
1. Robel, J.M. Pietryga, and V.I. Klimov, unpublished results). It represents a hetero-QD in which
a PbSe core is overcoated with an especially thick CdSe shell. Owing to a small conduction-band
offset between CdSe and PbSe, the electron wavefunction (1S.) in these QDs occupies the entire
volume of the core-shell structure, whereas the band-edge hole wavefunction (1Sy) is tightly confined
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Figure 14

(a) Schematic illustration of the structure of PbSe/CdSe core-shell quantum dots (QDs), along with a transmission electron
microscopy image of the sample with a core radius of 1.8 nm and shell thickness (H) of 2.2 nm (H/R = 0.55; R is the total radius). (b) An
approximate band diagram of PbSe/CdSe QDs with the spatial distribution of the electron 1S, (gray shading) and the hole 1Sy,
(purple shading) and 2S,, (light-red shading) wave functions. Green and dark red arrows show, respectively, optical transitions responsible
for visible (VIS) emission from the shell and infrared (IR) emission from the core. (c) A two-band emission spectrum of these QDs
measured with 3-eV excitation; the bands are independently normalized to have the same peak intensity. The IR band corresponds to the
optical transition involving the core-localized hole, whereas the VIS band is due to the optical transition involving the shell-localized
hole (see panel b). (d) Multiexciton yield as a function of H/R for samples with similar band-gap energies of ~0.89 eV. Abbreviation: PL,
photoluminescence.
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to the core because of the large confinement potential at the core-shell interface (Figure 14b). A
typical signature of a large mismatch of effective volumes occupied by electrons and holes is reduced
e-h overlap and consequently slowed single-exciton lifetimes. Indeed, as the CdSe shell thickness is
increased, the measured PL lifetime becomes longer. However, the most striking effect of increasing
shell thickness is the development of a second emission band in the visible range, which is observed
simultaneously with the infrared band (Figure 14¢). Analysis of the electronic states in these QDs
using effective mass calculations suggests that the visible band arises from transitions that couple the
1S, electron level to the 25y, hole state localized primarily in the CdSe shell region of the QD (Figure
14b). Thus, this band represents hot emission due to recombination of an unrelaxed hole with
a relaxed band-edge electron. Normally, because of extremely fast intraband relaxation, hot
emission in QDs can only be observed using ultrafast spectroscopic measurements. The fact that in
these structures hot shell-related PL is observed under low-intensity continuous wave excitation
suggests a dramatic slowing down in intraband relaxation compared with standard QDs. This
further suggests a dramatic decrease in the k..o rate, which should result in increased multiexciton
production.

The expected enhancement in the CM yield was indeed observed experimentally by studying
a series of samples with a fixed overall radius (R up to 5 nm) and progressively increasing thickness
of CdSe shell (the H/R ratio up to 0.7) grown via a cation exchange method. It was observed that
visible PL, which signals the attainment of the regime of slowed cooling, developed fairly sharply
when H/R became greater than ~0.5. This was accompanied by a quick growth of the CM yield.
The effect was especially pronounced in a series of core-shell samples with similar band gaps but
different H/R ratios. An example of CM measurements for such a series with E, of ~0.89 eV is
given in Figure 14d; excitation at 3.1 eV in this case corresponds to w/E, ~ 3.5. The core-only
sample shows a multiexciton yield of 20%. In a core-shell sample with a thin shell (H/R = 0.13),
7 increases to 29% and then to 38% for a sample with H/R = 0.44. When H/R exceeds 0.4-0.5,
CM yield exhibits an especially large increase. For example, in the sample with H/R = 0.7, m
reaches 75%, which is almost 4 times greater than in the core-only sample. These results indicate
the large promise of cooling-rate engineering for enhancing CM, perhaps, up to the limit defined
by energy conservation.

SUMMARY POINTS

1. This article has provided an overview of recent progress in the understanding of
multicarrier phenomena in quantum-confined colloidal NCs with focus on Auger
recombination and CM. There has been growing realization that the role of multi-
carrier processes in NCs is greatly enhanced compared with parental bulk solids, which
is a combined result of factors such as close proximity between interacting charges,
reduced dielectric screening, and relaxation of restrictions associated with trans-
lational momentum conservation.

2. Due to strong quantum confinement, which leads to mixing between different states, the
importance of details of a specific band structure, such as the band-gap energy or direct-
versus-indirect character of the band gap, is greatly diminished in NCs, which leads to
the development of universal size-dependent trends in multicarrier processes. One such
trend is direct scaling of multiexciton Auger lifetimes with NC volume (sometimes
referred to as V-scaling), which was first observed in CdSe QDs (31) and then confirmed
for QDs of many other compositions (41).

3. Animportant result of recent studies of Auger effects is the observation of a breakdown
of V-scaling in core-shell structures with an especially thick shell, which exhibited
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considerably greater suppression of Auger decay than can be accounted for based on the
QD volume. This observation highlighted the important role of NC interfaces in Auger
recombination, as was first predicted by theoretical calculations (71). According to these
calculations, by smoothing the interfacial potential one can suppress Auger decay by
reducing the strength of the intraband transition by which the energy accepting charge is
excited in the course of Auger recombination. The power of interface engineering for
controlling Auger recombination has been demonstrated by recent studies of the effect of
intentional alloying of CdSe/CdS QD core-shell interfaces on multicarrier recombination
in the case of both neutral and charged excitations (66, 75) as well as on the performance
of QD-LEDs (76).

Some of the insights gained from studies of Auger recombination are directly applicable
to the inverse process of CM. Specifically, previous observations of a universal V-scaling
of Auger lifetimes suggest that the characteristic CM time only weakly depends on NC
composition and is primarily defined by the QD size. This implies that the variations
in CM yields between similarly sized QDs of different compositions likely relate to
a difference in the rate of competing energy relaxation mechanisms, such as phonon
emission. This assessment has been confirmed by comparative studies of the CM
performance of QDs of PbS, PbSe, and PbTe conducted in conjunction with studies
of Auger decay and intraband cooling (122, 131).

. A useful quantity for characterizing the CM performance of a given material is the e-h

pair creation energy (g.,), which defines the energy increment required to generate a new
e-h pair above the CM threshold. This quantity directly accounts for the competition
between impact-ionization-like events that produce new excitons and non-CM intra-
band relaxation. On the basis of the window-of-opportunity model (122), €., can be
calculated from the product of the non-CM energy-loss rate (k.oo1) and the characteristic
time of an individual CM event (7cp). The use of e, provides a useful tool for predicting
the CM performance of a material on the basis of fairly straightforward measurements of
biexciton Auger lifetimes and near-band-edge intraband cooling rates, which are used as
proxies for 7oy and koo, respectively (34, 122).

A universal material-independent size dependence of 7oy, expected based on a universal
V-scaling of multiexciton Auger lifetimes, along with size-dependent trends observed for
intraband cooling, leads to an almost linear scaling of &., with the QD band-gap energy:
£ch = BEg. As demonstrated by experimental studies (34, 122), the material-dependent
variations in the proportionality factor  are primarily linked to the difference in non-CM
energy losses likely associated with electron-phonon scattering. This suggests that with
standard monocomponent QDs, one has only limited control over CM performance,
mostly accomplished by selecting materials with a weaker electron-phonon coupling.
One approach for enhancing multiexciton production is provided by shape control. As
was shown in References 105 and 106, by using PbSe NRs with a moderate elongation
(aspect ratio of ~7) one can achieve an approximately twofold increase in the CM yield
over spherical QDs, which was attributed to enhanced Coulomb interactions, leading to
an increased rate of CM events. An additional tool for tuning CM performance is the
use of heterostructures, such as PbSe/CdSe core-shell QDs with especially thick shells,
designed to slow down intraband cooling. In addition to core-related infrared emission,
these QDs also exhibit visible PL associated with radiative recombination of hot holes
residing in the shell. This indicates a dramatic reduction in the hole cooling rate, which in
principle should reduce &, and thus enhance CM performance. These structures indeed



demonstrate a considerable, almost fourfold increase in the CM yield compared with
core-only PbSe QDs. Further enhancements in the CM performance, potentially up to
the energy-conservation-defined limit, should be possible through combining optimal
low-phonon-loss compositions with shape control and internal-structure engineering.
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