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ABSTRACT

We report ultra-efficient multiple exciton generation (MEG) for single photon absorption in colloidal PhSe and PbS quantum dots (QDs). We
employ transient absorption spectroscopy and present measurement data acquired for both intraband as well as interband probe energies.
Quantum yields of 300% indicate the creation, on average, of three excitons per absorbed photon for PbSe QDs at photon energies that are
four times the QD energy gap. Results indicate that the threshold photon energy for MEG in QDs is twice the lowest exciton absorption
energy. We find that the biexciton effect, which shifts the transition energy for absorption of a second photon, influences the early time
transient absorption data and may contribute to a modulation observed when probing near the lowest interband transition. We present
experimental and theoretical values of the size-dependent interband transition energies for PbSe QDs. We present experimental and theoretical
values of the size-dependent interband transition energies for PbSe QDs, and we also introduce a new model for MEG based on the coherent
superposition of multiple excitonic states.

The formation of multiple electronhole pairs per absorbed region of the spectrum. In bulk semiconductors, the threshold
photon in photoexcited semiconductors is a process typically photon energy for I.I. exceeds that required for energy
explained by impact ionization (I.1.). In this process, an conservation alone because, in addition to conserving energy,
electron or hole with kinetic energy greater than the crystal momentum must be conserved. Additionally, the rate
semiconductor band gap produces one or more additionalof I.I. must compete with the rate of energy relaxation by
electron-hole pairs. The kinetic energy can be created either electron-phonon scattering. Electretphonon scattering is
by applying an electric field or by absorbing a photon with a very fast process (sub-ps) in bulk semiconductors, and it
energy above the semiconductor band gap energy. Thehas been shown that the rate of I.I. becomes competitive
former is well studied and understdod and is the basis  with phonon scattering rates only when the kinetic energy
for efficient current amplification in avalanche photodiodes. of the electron is many times the band gap energy.{&
The latter process is less well studied but has been observed he observed transition between inefficient and efficient I.1.
in photoexcited p-n junctions of Si, Ge, and InSb” occurs slowly; for example, in Si the L.1. efficiency was found
Formation of multiple electronhole pairs following to be only 5% (i.e., total quantum yietd 105%) athw ~ 4
absorption of a single energetic photon presents a possibleeV (3.6F), and 25% atw ~ 4.8 eV (4.4E).”® This large
route to improved photovoltaic conversion efficiency, be- blue-shift of the threshold photon energy for L.I. in semi-
cause additional photocurrent can be realized while simul- conductors prevents materials such as Si and GaAs from
taneously bypassing heat generation resulting from phononyielding improved solar conversion efficiencie.
scattering. Impact ionization has not, however, contributed It has recently been propos&t! however, that I.1. could
meaningfully to improved quantum yield in working solar be greatly enhanced in semiconductor quantum dots (QDs)
cells, primarily because the I.I. efficiency does not reach (or nanocrystals (NCs)) compared to bulk semiconductors,
significant values until photon energies reach the ultraviolet because the limitations discussed above for L.I. in bulk
semiconductors are greatly alleviated in QDs. The rate of
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greatly enhanced due to carrier confinement and the con-the theoretical dependence with the experimental data and
comitantly increased electrethole Coulomb interaction.  application of the selection rulesn = 0 andAL = 0, allows
Additionally, crystal momentum need not be conserved the identification of the optical transitions (see Figure 1c).
because momentum is not a good quantum number for three-Dashed lines in Figures 1c and 1d indicate the splitting by
dimensionally confined carriers. Indeed, very efficient mul- spin—orbit coupling of levels with nonzero angular momen-
tiple electron-hole pair (multiexciton) creation by one tum?® For 5.4 nm diameter PbSe QDs, the first excitonic
photon was observed recently in PbSe nanocrystals bypeak (Figure 1a and 1b) &, = 0.76 eV is from the 1S
Schaller and Klimov? They reported an excitation energy 1S HOMO—LUMO transition. A second peak occurs at 0.96
threshold for the formation of two excitons per photon at eV and is assigned to the $SLP. and 1R—1S; transitions
3E,, whereE; is the absorption energy gap of the nanocrystal (an exception tAAL = 0).2122 The broad shoulder at 1.14
(HOMO—-LUMO transition energy). The quantum vyield eV is attributed to the 1P-1P. transition, and the transition
(QY) of exciton formation is defined as the average number at 1.28 eV can be assigned as the weakly alloweg-2S;
of ground-state excitons produced per absorbed photon,(or 25—1S) transition (an exception tdn = 0). The peak
expressed as a percentage. Schaller and Klimov reported at 1.52 eV {2Ey) can be assigned to the }:B1D, transition.
QY value of 218% (118% L.I. efficiency) at &&g; QYs We assign the next two features betwedsy 2nd FEy at
above 200% indicate the formation, on average, of more than1.62 and 1.88 eV to the 252S and 1k—1F transitions,
two excitons per absorbed photon. The authors explainedrespectively. Finally, the feature at 2.27 eV accompanied by
these results in terms of very efficient noncoherent impact a steep rise in absorbance in this spectral region is assigned
ionization in the nanocrystals by optically excited highly to the 2R—2P; transition. One can see that the energy of
energetic electronhole pairs. the 2R—2P, transition is~3E,;. We include in the online

In this letter, we report a previously unattained QY value Supporting Information tabulated results of the theoretical
of 300% for 3.9 nm diameter PbSe QDs at a photon energy computation of interband transition energies, as a function
of 4E,, indicating the formation, on average, of three excitons of size, for PbSe QDs.
per photon for every photoexcited QD in the sample. We  We detect multiexcitons by monitoring the signature of
provide evidence that the threshold for multiple exciton multiexciton decay dynamics using transient absorption (TA)
generation (MEG, an alternate description of impact ioniza- spectroscopy; this is the same approach used by Schaller and
tion—see below) by optical excitation isEg, not 3, as Klimov.'? The magnitude of the photoinduced absorption
reported previously for PbSe QDB%5and we show that  change at the band edge is proportional to the number of
comparably efficient MEG occurs also in PbS nanocrystals. electron-hole pairs created in the sample. The transients are
We also introduce a new possible mechanism for MEG, and detected by probing either with a band edge (energy gap or
delineate the unique character of QD electronic structure, HOMO—LUMO transition energy= Eg) probe pulse, or with
which allows for the possibility of a coherent evolution of a mid-IR probe pulse that monitors intraband transitions in
the quantum state from the initial single exciton to a coherent the newly created excitons. Although both the band-edge and
superposition of multiple exciton stat€sA model for MEG mid-IR probe signals would incorporate components from
in QDs based on the coherent evolution of a single exciton excitons with energy above theESLS; exciton, our multiple
state into multiple exciton states predicts that oscillations exciton Auger recombination analysis relies only on data for
(quantum beats) between states of varying numbers ofdelays =5 ps, by which time carrier multiplication and
(energy-allowed) exciton states may be observable by cooling are complete. Analysis of the QY of multiple exciton
ultrafast spectroscopy. While we have not yet obtained  generation requires careful knowledge of the initial excitation
unambiguous experimental evidence for such coherent MEG|evels within the sample, and of multiexciton Auger recom-
signature oscillations, we demonstrate and describe how thepination dynamics. The average number of photons absorbed
biexciton effect (also known as the transition Stark sHifty per QD follows Poisson statistics such that = J,0,, Where
produces a probe wavelength-dependent transient absorptioq, is the photon fluence angh is the absorption cross section
that complicates the search for coherent oscillations in the at the excitation photon energyTo study MEG resulting
ultrafast lowest-exciton bleach signal. from absorption of a single photon, we maintain a constant

We have studied three samples of PbSe NCs with Nenvalue ensuring that the vast majority of photoexcited QDs
diameters ranging from 3.9 to 5.7 nm, and one PbS NC have absorbed just one photon (e.g.,Nef= 0.25, < 14%
sample with a diameter of 5.5 nm. The PbSe and PbS QD of photoexcited QDs absorb more than one photon). The
samples studied here were obtained from Evident Technolo-details describing how we determine the MEG QYs from
gies. The absorption spectrum (Figure 1a) and its secondthe TA data are presented in the online Supporting Informa-
derivative (Figure 1b) at 300 K for a 5.4 nm diameter tion.
colloidal PbSe QD sample are shown in Figure 1. Minima  Figure 2a shows the exciton population (determined from
in the second derivative clearly indicate the optical transition the mid-IR absorption) dynamics for a 5.7 nm diameter
energies? sample E; = 0.72 eV, andNe, = 0.25) while varying the

We have also calculated the size dependence of theratio of the energy of the pump photon to that of the band
transitions between electron and hole levels in PbSe NCsgap En/Eg) from 1.9 to 5.0. The increasingly prominent
(see Figure 1c) using a theory developed by Kang and decay seen in Figure 2a as the photon energy increases is
Wise}® with modified energy parametet$Comparison of associated with nonradiative recombination of multiexcitons
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Figure 1. (a) Absorption spectrum and (b) its second derivative of 5.4 nm PbSe QDs. Transitions at higher energies<(hii €\3.0

eV) are obtained from the second derivative of the rising absorption spectrum in this region (not shown). The inset of (a) shows detail of
the absorption spectrum for the region including the,(15), (1S—1R)/(1R—1%), and (1R—1P,) interband transitions. (c) Theoretical

size dependence of the energy level structure in PbSe QDs. (d) Theoretical transitions for four QD sizes with experimental transitions
superimposed. The typical error for the experimental peaki95 eV. Dashed lines in (c) and (d) show sporbital splitting of those

states with angular momentum greater than zero.

via Auger recombinatioft Multiple excitons within a the band edge energy, is that the detected transients are linear
nanocrystal undergo Auger recombination at rates thatto high exciton number; however, the results were indepen-
increase with the number of excitons per QD. Our PbSe QD dent of the probe wavelength regime. The experimental
samples exhibit single exciton lifetimes (6000 ps) much apparatus has been described elsewttere.

longer than their biexciton lifetimeg{ <100 ps); a large The dependence of the MEG QY on the ratio of the pump
ratio t1/7, greatly facilitates analysis of multiexciton decay photon energy to the band gaBn{/Ey varied from 1.9 to
dynamics. Maintaining a constant excitation level per QD 5.0) for PbSe QD samples with, = 0.72 eV (dia.= 5.7
(photons absorbed per QD), we compare the amplitudes ofnm), E; = 0.82 eV (dia= 4.7 nm), andgg = 0.91 eV (dia.

the fast decay components as a function of pump photon= 3.9 nm) is shown in Figure 2b. For all three samples, the
energy. The analysis includes data for delays beyond the TAsharp rise in QY begins at about three times the energy gap,
signal rise time. The density-dependent carrier dynamics of a result in agreement with that reported by Schaller and
the signal decay provide a quantitative measurement of theKlimov.12 Our data show that for the 3.9 nm QBy(= 0.91
number of electrorthole pairs at the absorption band edge eV), the QY reaches a remarkable value of 300%:@tE

per absorbed photon, and thus of the QY. Generation of = 4.0, indicating that on average the QDs produce three
additional excitons (MEG) occurs within the rise time of the excitons per absorbed photon. For the other two PbSe
signal. The advantage to probing the intraband photoinducedsamples f; = 0.82 eV (4.7 nm dia.) and 0.72 eV (5.7 nm
absorption in the infrared rather than probing the bleach at dia.)), it is estimated that a QY of 300% is reached at an

Nano Lett., Vol. 5, No. 5, 2005 867



T T T = 1E; and 2E are not statistically different from 100% alue

— E,,/E, =5.00 = 0.105), while the difference in QYs between 1522.0E;

—— E,JE, = 4.66 _ and 2.15—2.9E is very statistically significant with &

— Ep,/E;=4.25 value of 0.001. Simple visual inspection of Figure 2b
— E;/E;=4.05 indicates a significant difference between the QY values
— By /By =360 — between 1E-2E, and 2E—3E,.

— E:JEQ=3.25 &5 B35

A photon with energy above Zfreates in a nanocrystal
a coherent superposition of single and various multiexciton
states, which are coupled by the multielectron Coulomb
interactiont® This is a result of the degeneracy of an electron
(hole) with kinetic energy larger than, &ith a multiparticle
state consisting of two electrons and a hole (two holes and
an electron) occupying the lowest possible levels of the
conduction and valence bands. In the simplest case of the
2P. electron (2R hole) state in PbSe QDs, the multiparticle

Ao(normalized at tail)

0.0°F I I state is the 18S1S, (151$1S) electron-hole configu-
0 100 200 300 400 ration. This 181S1S, (1$151S) electron-hole configu-
Time delay (ps) ration is coupled with the single particle 28lectron (2R
300 T T & T hole) state via a direct multielectron Coulomb interaction.
(b) E, (Homo - Lumo) o The same type of. Coulomb couplmg leads to nonrad!atwe
® 072eV Auger recombination of a photoexcited electrdrole pair
= 250k v 0.72eV 9 o in a nanocrystal with an extra carriethe process that is
s 0 072eV ° ° the inverse of direct impact ionization and which has been
% : g:gf 23 considered in ref 26. As a result, a photon with energy above
= O 091eV 3E, directly creates multiexciton states. In the case of
g 2001 A 0.91eV - . N excitation in the energy interval betweengziad 3k, direct
2 4 091eV Coulomb interaction couples a symmetric electrtwle pair
& ©  PbS (0.85 V) ) AR N
5 o ® created by light to an asymmetric pair where the total kinetic
G 150 o) e . ° N energy is resident in one carrier and is sufficient to create a
o g 2 0% multiparticle electror-hole configuration.
oV %‘3 LY e $ ¢ The time scale for the formation of the multiexciton state
100g_B 'E"% © 8% ! 1 = is inversely proportional to the strength of the Coulomb
2 3 4 5 coupling. Calculation of the Coulomb matrix element
Ep/Eq between single and multiexciton states similar to that

presented in ref 26 has shown that photons with ene@fy,,
Figure 2. (a) Exciton population decay dynamics obtained by exciting 2R—2h, transitions in 4.7 nm diameter PbSe QDs,
probing intraband (intraexciton) transitions in the mid-IR at 5.0 create multiexciton states within as little as 250 fs. The
pm for a sample of 5.7 nm diameter PbSe QDs. (b) QY for exciton ,g¢ijjation rate between single and multiexciton states created
formation from a single photon vs photon energy expressed as theb the absorbed phot th fi le. Not
ratio of the photon energy to the QD band gap (HOMQIMO Yy ela §or ed photon occurs on . € same |me S_Ca e. Note
energy) for three PbSe QD sizes and one PbS ia.9, 4.7, 5.4, that this time competes favorably with the cooling time of a
and 5.5 nm, respectively, arigy = 0.91, 0.82, 0.73 eV, and 0.85  few ps that we observe, an indication that very fast cooling
eV respectively). Solid symbols indicate data acquired using mid- of the single exciton is unlikely to prevent MEG. As a result,
infrared pro_be; open symbols_lndlcate band-edge probe energy.;, PbSe NCs cooling occurs via MEG and energy is lost via
Quantum vyield results were independent of the probe energy . L

dephasing of the coherent multiexciton state by phonon

utilized. e :
emission (see Figure 3).

En/Eg value of 5.5. Note that the 2P2P; transition is This idea differs from the previous explanation of incoher-
resonant with 3fexcitation, corresponding to the sharp onset ent I.l. where the rate of I.I. competes with the rate of phonon
of increased MEG efficiency. If this symmetric transition emission. In the model of incoherent I.I., phonon-based
(2R—2P;) dominates the absorption &3k, the resulting cooling is an independent parallel process unrelated to the
excited state provides both the electron and the hole with process of exciton multiplication. A previous theoretical
excess energy of 3Fin resonance with the lowest exciton calculation of carrier multiplication in CdSe QDs was based
absorption (at 1. on incoherent I.F” In the coherent MEG model, the creation
Our data also show that the QY begins to surpass 100%of the multiple exciton state from one exciton occurs as a
at En/Eg values greater than 2.0 (see Figure 2b). We have natural consequence of the quantum mechanics. The ef-
carefully measured 16 QY values between 3.4&d 2.9F ficiency of exciton multiplication in this model, however, is
(mean value= 109.8%) and 11 QY values between 1,2E determined by the ratio of the rates with which single and
and 2.0 (mean value= 101.3%). Application of statistical  multiexciton coupled states (of varying exciton number)
t-tests show that the QY values for photon energies betweenwithin the coherent superposition undergo dephasing. This
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more multiples of the LO phonon energy (17 méAand
P, —eo— the process of Auger-like cooling thus cannot facilitate an
v 1S, v increased cooling rate. The scenario for a significant phonon
1s bottleneck and an absence of Auger-like cooling favors
" relatively efficient MEG, as observed for photon energies
P, — 00— = 3Eg
2, 2p For photon energies betweengéhd 3k, the efficiency
‘ of MEG is clearly low: we note that the mean QY between
1S, —o—— Vv 15, —o-0— 2.1 and 2.9 is only ~110%. Formally allowed interband
18, —O00— <:> 18, —0 transitions are “symmetric”, between valence and conduction
2p op states of identical envelope angular momenta (e.gh-1S
" " O 1S, or 1R—1P,). However, an unexpectedly strong asym-
metric interband transition involving the 1S and 1P states
2P, (1S—1P. and 1R—1S transitions) occurs in PbSe QE&233.34
T 15, ° -1 a result also shown clearly in our PbSe absorption spectra
(see, e.g., Figure 1a) as well as for PB&:36This suggests
18, —0-0— that asymmetric transitions above the-113 transition may
2P, also have significant oscillator strength. In the pump photon
energy range of 2f-3E;, asymmetric states for which either

the electron or the hole resides in the 1S level allow the
other carrier sufficient energy to accommodate generation
of an additional exciton. The Fntich interaction of electrons
(holes) with polar phonons is the strongest mechanism for
electron (hole)-phonon coupling in nanocrystals. The mag-
nitude of this coupling increases inversely proportional to
ratio determines, on average, the number of excitons thatthe nanocrystal radigs* and polar phonons should be
survive. The evident disparity between the initial rate of '€Sponsible for carrier relaxation in nanocrystals. The
exciton multiplication and the eventual rate of Auger interaction of the polar phonons with the electrdrole pair,
recombination indicates that the single and multiple exciton however, is determined by the total charge distribution of
states are coherently coupled. Auger recombination occursthis pair within the nanocrystaf8. For example, in a
on a much slower time scale, strongly suggesting that this semiconductor with simple parabolic conduction and valence
inherent irreversibility between the coherent and incoherent Pands, an allowed optical excitation creates electiule
regimes allows high QYs for MEG. pairs or excitons that do not interact strongly with phonins,
The fundamental electronic properties of PbSe and pphsbecause for such bands, photoexcitation creates the electron
QDs present a scenario of particular interest for multiple and hole in states with the same quantum numbers and the
exciton generation. Phonon scattering serves as the primarycharge distributions of the carriers exactly compensate each
mechanism for carrier cooling to the band-edge states in bulk Other at each point in the nanocrystal. This remains true for
and nanoscale semiconductors. Quantum dots in the strond®PSe and PbS nanocrystals, although their conduction and
confinement regimed << ae gons d << angom) eXhibit sparse  valence bands are not parabolic: the conduction and valence
electronic states, the intraband spacing of which increasesbands in these materials are nearly identical, and when optical
with decreasing effective mass. The interlevel spacing for €xcitation creates an electrohole pair with the same
electrons and holes can easily reach several times the opticafiuantum numbers, the interaction of this pair with a polar
phonon energy, reducing the efficiency of phonon emission phonon should be extremely weak. However, this is not the
as a relaxation mechanism; this effect is known as the phononcase for asymmetric electrethole states; in these cases, the
bottleneck. Frequently, however, semiconductor QDs exhibit €xciton—phonon coupling can be very strong leading to fast
conduction band energy level spacing much larger than thatdephasing and carrier relaxation. Our MEG data, showing
of the valence band, due to the smaller electron effective only low efficiencies below 3E concur with the prospect
massm*. For such semiconductors withe* < my*, Auger- of an enhanced cooling rate reducing the QY for asymmetric
like cooling provides the relaxation route to bypass any states (Figure 2b). For photon energies exceeding BE
phonon bottleneck?® Inhibiting Auger-like cooling by  correlate the increasing efficiency of MEG with an increase
removing or eliminating one of the carriers required for the in the density of levels accessible by single- and multiexciton
Auger process has been shown to result in an approximatestates. Our data indicate that phonon interaction with the
10-fold decrease in the relaxation rate in QDs of C&5e® coherent quantum state occurs during dephasing, a process
and InP3 However, for PbSe and PbS, the electron and hole which allows the ultimate survival of a multiple exciton state.
effective masses are both (1) relatively small and (2) Even at the most efficient MEG observed, absorption of a
essentially identical. These two material characteristics 4E; photon results in an exciton QY of 300% indicating that
combine to provide a situation in which the intraband level on average we generategld thermal energy (the equivalent
spacings for both electrons and holes are as many as 10 oof >50 optical phonons) during the MEG dephasing process.

Figure 3. Photoexcitation at 3fcreates a 22, exciton state.
This state is coupled to multiparticle states with matrix element V
and forms a coherent superposition of single and multiparticle
exciton states within-250 fs. The coherent superposition dephases
due to interactions with phonons; asymmetric states (such as-a 2P
1S, couple strongly to LO phonons and dephase at a rate of
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Energy (eV)

state; thus, the biexciton effect appears to be strongest for
higher excited states than for completely relaxed band-edge
Figure 4. (a) Early-time transient absorption data for a 3.9 nm exciton;. The biexciton effect ob.scures the_pure state—filling
diameter PbSe QD sample, acquired at various probe energiesdynamics, and thus may complicate the direct observation
(shown in (b)), near the 1S exciton energy. of the quantum beating predicted by the coherent superposi-
tion model. In addition, intraband transitions between 1S
While investigating MEG efficiencies, we also studied the and 2R (or 1S, and 2R) also complicate the analysis. Further
rise time of the TA data to search for signatures of the actual measurements are in progress to fully characterize the
multiplication process. Although we have not yet observed biexciton effect and explore its dependence (if any) on MEG
an oscillatory behavior (quantum beats) that we can ascribeefficiency.
to MEG, we do observe a modulation in the early time data  Figure 5 shows the excitation energy dependence of the
when probing at, or slightly to the red of, the 13 S TA normalized early time band edge TA for the photon energies
bleach peak. Figure 4a shows the probe wavelength depenof 1, 2, 3, and 4k The TA bleach rises quickly and
dence on the early time photoinduced bleach dynamics, forcompletely for 1 excitation, in accord with the instanta-
excitation at slightly greater than gErhe arrows in Figure  neous populating of the 4S1S; exciton state. For higher
4b indicate the positions of the probe wavelengths relative photon energies, the rise time exhibits a slower component,
to the linear absorption spectrum at the, 2$S transition. which we correlate to the time required for complete cooling
Probing ~27 meV above the peak (dark blue), the rise of the carriers. The traces at g&nd 4 show indications
consists of a very fast component followed by a slower but of a modulated signal in the first2 ps, as shown also in
essentially smooth component. Probing near to the peakFigure 4b for the traces at, and slightly red-shifted from, the
(green) and slightly below the peak (light blue), the rise 1S5,—1S exciton peak. The largest MEG QY occurs here
shows a modulation with a peak followed by a shallow dip for 4E;, though the modulation is less noticeable than for
within the first few hundred fs, and then a steady rise over 3E; excitation. Note that these data were acquired at the first
the subsequent?2 ps. Probing further to the red, a clear dip exciton peak as opposed to slightly lower energy where
develops, indicating a short-live photoinduced absorption biexciton effects may reveal deeper modulation. Fog 2E
(PA) with a rapid onset followed by a decay untif3 ps. excitation shown in Figure 5 we observe a slow component
The modulation appears, therefore, to consist of the super-to the rise time, with the TA signal reaching the peak value
position of a PA signal and a state-filling-induced bleach; at~2.5 ps. In the case of PbSe and PbS, where the density
this shape can be generated either by a short-lived PAof states for electrons and holes are equally sparse, a slow
summed with a smooth rise, or by a short-lived bleach (on cooling rate can be expected. The biexciton effect does not
the high-energy side of the peak) summed with the sameinfluence the observed MEG efficiency results, which are
smooth rise. Such derivative-like behavior around the peak based on an analysis of scaled dynamics and not absolute
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magnituded? Utilizing an infrared probe near the intraband
1S—1P. (or 1S—1PR,) transition energy, we have conducted
preliminary measurements of the rise time for pump photon
energies producing multiple excitons. In these data, we
observe a relatively slow~2 ps) and featureless rise time,
and no sign of biexciton effect. Analysis of subsequent Auger
recombination decay data for either interband (band edge)
or intraband TA concur, indicating that the biexciton effect,
though influential in the first few ps of the TA signal, does
not affect the long-term decay dynamics.

The work reported here provides a confirmation of the
previous report of efficient MEG in PbSe. We observed a
previously unattained 300% QY exciting atd& PbSe QDs,

indicating that we generate an average of three excitons per

photon absorbed. In addition, we present the first known
report of multiple exciton generation in PbS QDs, at an
efficiency comparable to that in PbSe QDs. We have shown
that a single photon with energy larger thdg, 2an generate
multiple excitons in PbSe nanocrystals, and we introduce a
new model for MEG based on the coherent superposition of
multiple excitonic states. Multiple exciton generation in
colloidal QDs represents a new and important mechanism
that may greatly increase the conversion efficiency of solar
cell devices.
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