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Carrier (exciton) multiplication in colloidal InAs/CdSe/ZnSe coshell quantum dots (QDs) is investigated

using terahertz time-domain spectroscopy, time-resolved transient absorption, and quasi-continuous wave
excitation spectroscopy. For excitation by high-energy photerisq times the band gap energy), highly
efficient carrier multiplication (CM) results in the appearance of multi-excitons, amounting ® excitons

per absorbed photon. Multi-exciton recombination occurs within tens of picoseconds via Auger-type processes.
Photodoping (i.e., photoinjection of an exciton) of the QDs prior to excitation results in a reduction of the
CM efficiency to~1.3. This exciton-induced reduction of CM efficiency can be explained by the twofold
degeneracy of the lowest conduction band energy level. We discuss the implications of our findings for the
potential application of InAs QDs as light absorbers in solar cells.

Introduction QD material$’~22 with a demonstrated yield of up to seven

Recently, IV semiconductor quantum dots (QDs) have carriers per photoft

become available with strong absorption cross sections and As in bulk materials, the presence of dopants has a large effect
bright and stable luminescent&hese particles cover the visible  on the electronic properties of QDs. For example, the conductiv-
to near-infrared spectral range and have important potentiality of nanocrystalline CdSe solids increases by many orders of
applications in biology and electro-optical deviée$.Such magnitude as a result oftype doping?*~26 Dopants may also
electro-optic devices rely on the conversion of light into excited affect other properties of QDs, such as multi-exciton dynamics.
electrons and holes (excitons) and vice versa, and knowledgeTherefore, knowledge on the effects of dopants on, for instance,
of the processes immediately following photoexcitation is ¢ in QD materials is important for the design of photovoltaic

therefore essential for these applications, in addition to the 4o\ icas The effect of the presence of dopants on the CM
fundamental interest in exciton and charge dynamics in QDs. efficiency has not been reported before

As such, there has been much interest recently in exciton

dynamics in QDs, especially in exciton decayexciton In this article, we investigate multi-exciton dynamics and CM
cooling® 12 multi-exciton dynamic43-6 and the formation of in colloidal InAs/CdSe/ZnSe coreshell QDst To our knowl-
multi-excitons by carrier (exciton) multiplication (CM}-22The ~ edge, this is the first such study in colloidal InAs QDs. InAs
latter process is particularly interesting for potential applications has the special characteristic that the hole band maissmuch
of QDs in the field of solar energy conversidh.In a larger than the electron mass (my/me = 17)27 This results in

conventional silicon solar cell, much of the energy toward the closely spaced energy levels in the valence bang0( meV

UV end of the solar spectrum is lost through the generation of for QDs with a 4.4 nm diameter) but widely spaced energy levels
heat because of the very fast intraband carrier cooling afterin the conduction band~300 meV for QDs with a 4.4 nm
photogeneratio® A possible approach to harvest high-energy diameter82° The expectation that the CM efficiency is high

photons more efficiently would be to utilize CM. This mech- i, |nas QDs, because of the significantly different electron and
anism involves the generation of more than one exciton from a hole masse¥ is corroborated by our results. Our approach

single high-energy photon with high efficiency (also termed combines time-resolved terahertz time-domain spectroscopy

brgﬁglpls ?)é(;lltec;n gsfn :rr?itlcr)ce)r'let'enc?ottrc])?l ﬁsxggif/e(?tga ia;ltt)cc))\;en (THz-TDS)3! femtosecond transient absorption (TA), and quasi-
gap 9y 9 gy p continuous wave (qCW) excitation spectroscépyor high-

additional exciton instead of being converted into heat. Although ' .
the CM process is inefficient in bulk materials, it has recently €N€rgy photonsX2 times the band gap energy), CM results in
been demonstrated that CM can occur with high efficiency in Multi-excitons, that is> 1 exciton per QD, which decay within
tens of picoseconds. The presence of an exciton in a QD
* Corresponding author. Telephone:31-20-6081234. Fax-+31-20- (generated by photodoping) greatly reduces the CM efficiency
6684106. E-mail: j.pijpers@amolf.nl. upon excitation with high-energy photons. We discuss the
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Experimental Methods the QDs are excited by long (5 ns) optical excitation pulses
(532 and 1064 nm) where the photon absorption rate depends
on the intensity of the pulse. When the photon absorption rate
exceeds the Auger recombination rate, a significant population
of multiply excited QDs is generated, which is reflected in the
transient emission spectra as measured at the peak of the
excitation pulse. By multiple peak fittings of these transient
spectra, it is possible to extract the spectral location of the multi-
excitonic emission peaks relative to the exciton peak, providing,
in this case, information about the bi- and tri-exciton binding
energies. A detailed description of the method and the experi-
mental setup can be found elsewh#re.

The gCW spectroscopy was also used to investigate CM, this
time on the basis of differences in the emission spectra rather
than by absorption. Briefly, this method relies on measuring
the ratio of the tri-exciton emission to the bi-exciton emission
at constant photon absorption rates for different excitation
wavelengths (above and below the CM threshold). The mea-
surement is performed in the intensity regime of the transient
state filling in which the QDs are already pre-excited with a
single exciton, similar to the THz-TDS photodoping experiment.
As the tri-exciton and bi-exciton emission peaks are well-
separated spectrally, we can measure their intensity ratio reliably.
The relative increase in this ratio, which is observed for above-
threshold excitation wavelengths compared to those at below-
threshold, is a measure of the CM efficiency.

Samples.In the experiments, we use high quality colloidal
INAs/CdSe/ZnSe core/shell-1/shell-2 QDs, synthesized as re-
ported elsewher&33 The investigated QDs have an InAs core
of 4.4—5.7 nm diameter (14% size dispersion) onto which one
atomic layer of CdSe and four layers of ZnSe are deposited.
Samples are prepared by dissolving the QDs in toluene in a 1
mm thick cuvette. The core/shell structure leads to a significantly
improved fluorescence quantum yield50%) as compared
to QDs that are passivated with organic molecules like tri-
octylphosphine (2.5%% This increase in the quantum yield is
caused by the effective removal of surface defects by the
inorganic shell material. Hereby, fewer carriers are trapped at
the surface, and emission quenching via nonradiative decay
channels is suppressed.

Time-Resolved SpectroscopyBefore investigating CM, it
is important to understand multi-exciton recombination dynam-
ics and spectroscopy of InAs QDs. In the time-resolved
experiments, we generate multi-excitons in 4.4 nm QDs by
sequential absorption of 800 nm photons and monitor the
recombination dynamics by THz-TDS and TA. THz-TDS has
previously been successfully applied to probe the transient hole
populations in QD$234 This technique uses a weak electro-
magnetic field {1 kV/cm) to probe the sample response at low
energies {4 meV) following photoexcitation with 150 fs, 800
nm laser pulses. The low-energy THz photons of our probe mean
that the differential, pump-induced change in the THz transmis-
sion, AEty, is proportional to the population of the lowest Results and Discussion
energyhole state as a function of time after excitation (see
refs 12 and 34). In addition, in order to stuelgctrondynamics, Multi-Exciton Dynamics and Spectroscopy.We begin our
femtosecond TA measurements are performed on a differentstudy by measuring the dynamics and spectroscopy of multi-
setup. After photoexcitation of our QDs with 50 fs laser pulses excitons in the InAs QDs. We first discuss the time-resolved
(wavelength 800 nm), the bleach and the stimulated emissiondata, followed by the qCW results. Figure 1 shows the 1S TA
of the lowest energynter-band transition (i.e., the absorption dynamics and the THz dynamics for a range of 800 nm
generating an electron and a hole in their respective lowest excitation intensities. At low excitation fluences and low photon
energy states, described Byr;5) are probed with a second 65 energies, we expect no more than one exciton per excited QD
fs pulse (wavelength 1200 nm) at timefter photoexcitation. ~ to be generated. Indeed, for the lowest 800 nm fluences
Since this transition requires the electron and hole to be in their investigated (see orange traces in Figure la,b), we observe a
lowest energy states, the TA measurements provide comple-steplike signal which persists even on nanosecond time scales,
mentary information about electron dynamiés. in agreement with the very long (1#300 ns) radiative lifetime

THz-TDS was also used to study CM. The number of excitons of the single exciton state. The initial fast rise in signal may be
per QD (\y) immediately following photoexcitation were attributed to the rapid (subpicosecond) cooling of excited
determined by normalizing the THz-TDS signal at the peak just electrons and holes to their respective lowest energy stakes.
after time zero by the value of the signalmat 100 ps after From the TA dynamics of Figure la, it can therefore be
both tri-exciton decay and bi-exciton decay are compteTdis concluded that, at fluences0.44 J/ni, single excitons are
procedure was followed at various 400 and 800 nm fluences. present in the QDs.

The effect of photodoping the QDs on CM has also been  On increasing the excitation fluence, however, we observe
investigated using THz-TDS. Prior(L0 ns) to exciting the QDs  faster decay components in both the TA traces and the THz-
with a 400 nm laser pulse, the sample is illuminated with an TDS traces (see Figure 1), which we attribute to the decay of
intense 800 nm 150 fs pulse (1.5 mJ/pulse). We confirmed that multi-excitons (i.e., the presence ®fl exciton per QD). For a
this pre-excitation leads to a complete saturation of the QDs fluence of~1 J/n?, we observe an exponential decay with a
with single excitons, as generated multi-excitons will decay to time constant of 30 ps to a long-time signal plateau. This time
a single exciton state before the arrival of the subsequent 400constant is assigned to the decay of bi-excitons created by the
nm pulse. The 400 nm pulse (low fluence).28 J/nd) arrives multiphoton absorption of the pump. The time scale is much
att ~ 0 ps on the sample, leading to the generation of multi- faster than bi-exciton decay dynamics in epitaxial QDs where
excitons by CM. The THz signal is detected as a function of decay constants on the order of nanoseconds have been3ound.
time after the 400 nm excitation while chopping the 800 nm This slower decay can be understood by noting the larger size
pulse; that is, we determine how the CM efficiency changes as (~49 nm radius) of epitaxial QDs, which will lead to weaker

a result of photodoping by the 800 nm pulse. In this manner, carriercarrier interactions than in the considerably smaller (4.4
the effect of the presence of single excitons on the CM efficiency nm) colloidal QDs under investigation here. It has been proposed
could be determined. that it is these carriercarrier interactions that allow fast decay

Quasi-Continuous Wave Spectroscopylhe time-resolved of multi-exciton states in small QDs through (nonradiative)
data are complemented by the multi-exciton spectroscopy Auger recombinatioA33°Indeed, the decay of 30 ps observed
performed using the qCW excitation method. In this method, in Figure 1 is remarkably similar to bi-exciton decay dynamics
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E | 2, = - In contrast to the TA measurements, the data from the THz
L .WM decay dynamics can be used to extract multi-exciton decay rates.
<] _'° 0.88 Jim This is confirmed by Figure 1b: at low fluences (0.88 9/m
. ] ] ] ] only single excitons are present in the QDs, as evidenced by
0 50 100 150 200 the absence of a significant decay of the signal within our time
frame. At higher fluences (2.54 JAna bi-excitonic decay of
T (pS) 30 ps is observed, which is in excellent agreement with the TA

Figure 1. Decay dynamics of (a) TA measurements at the gap energy results from Figure 1a. Upon further increasing of the excitation
corresponding to 1200 nm and (b) THz measurements. The decayfluence (28.2 J/), even faster decay components are observed
dynamics were determined for varying pump intensities (excitation at which can be attributed to tri-exciton dectyThis data is well-

800 nm). The insets in a depict schematically what is probed with THz- 4 by a double exponential decay with time constants of 3.5 ps

TDS and TA and show the absorption spectrum for 4.4 nm-eshell . . . . . -
InAs QDs. The inset in b depicts the maximum signal normalized to (tri-exciton decay) and 30 ps (bi-exciton decay). The inset in

the long-time signal observed for high fluences for both the THz data Figure 1b shows the peak signal (immediately following
and the TA data. Note that for the TA measurements, saturation of the photoexcitation) normalized to the long time signal (at 200 ps,
signal occurs. The solid curves are fits of the data, as described in thecorresponding to 1 exciton per QDYy, as a function of fluence.
text. This quantity is proportional to the number of detected excitons
per QD (i.e., those which we are sensitive to with either TA or
THz-TDS) immediately following photoexcitation. It can be seen
that Ny increases more in the THz data compared with the TA
data, which saturates at2. This saturation illustrates that,

n Probing the 1S interband transition with TA, one can effectively

radiative decay and the fast bi-excitonic decay in our samples, 9€t€Ct only the single and bi-exciton population dynamics
Upon increasing the excitation fluence further £6.6 J/n?), becayse of the twofold degeneracy of the !owest electrqn level
we do not observe a marked change in the decay dynamics for®S discussed above. THz-TDS, meanwhile, can monitor the
the TA measurements: the amplitude of the fast decay POPUlation dynamics of multiple>2) excitons since the
component increases slightly, but the time constant remeBs degeneracy of the lowest energy hole levels is hllgh and could
ps. This indicates that, with this technique, we are not sensitive N0t be accessed for the excitation fluences applied here.
to more than two excitons per particle. This is fully consistent ~ To complement the time-resolved data, we perform multi-
with the twofold degeneracy of the lowest energy 1S electron exciton spectroscopy using the qCW excitation method. Tran-
level in InAs QDs3” Hence, by probing the bleach of the 1S sient spectra measured from QDs at several excitation rates are
interband transition, it is to be expected that we are not sensitive shown as thick green lines in Figure-2a As the excitation
to multi-excitons ¢2) in the TA measurement8.Observing rate is increased (by increasing the excitation intensity), the
decay rates o2 excitons per QD with TA would therefore  photon absorption rate increases, and state filling occurs, giving
require a precise measurement of the population dynamics ofrise to two phenomena: a small redshift of the main peak due
higher energy levels. to the increasing contribution of the bi-exciton emission and

reported previously for similarly sized CdSe QBdn Auger
recombination, the exciton recombination energy is not released
as a photon but is instead transferred to a third particle in the
QD, either an electron or a holéexplaining the many orders
of magnitude difference between the slow single excito
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Figure 3. (a) Bi-exciton binding energy as a function of the band gap
energy. (b) tri-exciton shift as a function of the band gap energy, along 1.5
with the 1S-1P energy separation from optical and STM dta.

AEq,,, {arb. units)

the appearance of a blue-shifted shoulder due to tri-exciton 1.0

emission. : ! ' ' ' '
The qCW spectra are analyzed in the following fashion: the 2

single exciton emission is extracted from the emission data at Fluence (J/m’)

a low excitation rate. All spectra at higher fluences are globally Figure 4. Number of excitons per QD as a function of the excitation

fitted using two peaks, one corresponding to the exciton/bi- fluénce (400 and 800 nm). The number of excitons per QD was

. oo C determined by dividing the signal &tby the value of the signal at
exciton ar!d the other to the m. equton. The individual peaks _ 100 ps. The inset shows exciton decay dynamics at the 400 and 800
from the fit results are shown in Figure 2a as dash-dotted ;) excitation fluence, for identical products of absorption cross section

lines, and their sum is plotted as a thin black line. To account and fluence. For these traces, the fluences were chosen sufficiently low
for the bi-exciton binding energy, we allow in the fitting to ensure that less than one photon was absorbed per QD, as is evident
procedure for an independent redshift of the exciton/bi-exciton from the 800 nm data.
peak for each excitation rate, while keeping the line shape
unchanged. At low excitation fluence, this shift is obviously Most experimental observatiofis’? With our experimental
zero, whereas at high fluences (where practically all of the techniques, we can observe CM, but we cannot investigate the
transient emission is due to multi-exciton emission, since all CM mechanism because either we do not have sufficient time
dots are at least doubly excited), it saturates to a value resolution (qCW) or we do not have the ability to vary the
corresponding to the bi-exciton binding energy. The measured €xcitation energy over a broad range (THz-TDS).
redshift is shown in Figure 2d as a function of excitation fluence  In any case, it has been argued that the activation threshold
for the 4.4 nm QDsx signs), along with a saturation curve fit for CM is expected to be relatively low in InAs QDs because
(dashed line) of the formAE = Axx[1 — exp(—~R/Ry)], where of effective mass argument3#2In InAs, the band mass of the
Ris the photon absorption rate. From the fit results, we conclude holes is significantly higher than the electron mass € 0.41
Axx, the bi-exciton binding energy, to be about 8 meV. This andme = 0.024} resulting in an asymmetric density of states
procedure is repeated for several QD SiZES, ranging from 4.4 toin the valence and conduction band. According to ref 21, the
5.7 nm. minimum photon energy to produce CMidicm) is ap-

The extracted bi-exciton binding energies and tri-exciton shifts Proximately given by
are shown in Figure 3 a,b, respectively. The bi-exciton binding
energy in the InAs QDs is only a few milli-electronvolts (up to hacy = (2 + m/m)E,, 1)
10), significantly smaller than that observed in CdSe QDs of a
similar size (in the range of 30 me¥°A possible explanation ~ where E,q is the QD energy gap. For the 4.4 nm InAs core
for this difference may be the larger screening of charges in QDs Eyg = 1.13 eV, see inset Figure 1a), the minimum photon
InAs because of the 40% larger dielectric constant comparedenergy for CM is calculated using eq 1 to be 2.31 eV. Hence,
with CdSe. Additional reasons for this difference may be the one would expect 400 nm (3.1 eV) photons to readily induce
dense hole level structure in InAs Qi®and the reduced overlap  CM.
between the electron and the hole wavefunctions (because of Figure 4 shows the number of excitons per QB)(
the large difference in the effective mass). The tri-exciton shift immediately following photoexcitation measured with THz-
is compared with the 1:S1P energy difference as obtained from TDS. For both 800 nm and 400 nm excitatidM, increases as
optical and scanning tunneling microscopy (STM) measure- a function of fluence because of multiphoton absorption. By
ment§’ and reflects a tri-exciton binding energy of the order extrapolating to zero fluence (lines in Figure 4), a maximum of
of 100 meV, comparable to binding energies observed in CdSeone photon is absorbed per QB = 1 for 800 nm excitation,
QDs?3° Below, we will use the tri-exciton emission peak to while, in the case of comparable 400 nm excitation fluences,
quantify CM in InAs QDs. an average of 1.6 excitons per QD are generated. The CM factor

Carrier Multiplication. With this information on multi- of 1.6 is also evident from the raw data depicted in the inset of
exciton spectroscopy and dynamics, we proceed with investigat- Figure 4, which depicts 800 and 400 nm data for identical
ing the CM process in the InAs dots. Multi-exciton generation products of the fluence and absorption cross section.
through CM rather than through multiphoton absorption may  The fact thatNx < 2 for the lowest 400 nm fluences indicates
be of interest for solar cell applicatio®ln this process, multi- that not every absorbed 400 nm photon results in the formation
excitons are generated through the conversion of a single high-of multi-excitons. This observation is consistent with refs-18
energy photon into multiple excitons. Several mechanisms have22, where a strong increase of the CM efficiency as a function
been proposed in the literature to explain CM, including impact of the ratio of the photon and band gap energis/Ey) is
ionization (I1),}74%42the coherent superposition of single and observed. Schaller et al. report that this increase follows a linear
multi-exciton wavefunction&® and the occurrence of virtual  relationship (with a slope of 1.13) for both CdSe and PbSe, in
single exciton state:20 Although the CM mechanism is still  spite of the different crystal structures of these materials. Since
under debate, recent publications have shown that Il can explainwe only excite with one photon energg (/Eoy = 2.74), we
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excitons per QD). As can be seen in Figure 5, a CM efficiency
of 160% (the case assuming pre-excitation does not affect CM)
clearly does not coincide with the data, implying that the CM
efficiency in InAs QDs is reduced because of the presence of
excitons.

The fact that the lowest electron level is twofold degenerated
in InAs QDs (evident from the TA results in Figure 1a) suggests
that the CM efficiency should be lower in the presence of
dopants, as CM will then be energetically less favorable. With
an exciton already present in a QD, CM following absorption
of a 400 nm photon in a 4.4 nm QD must result in the formation
of one 1S Epg = 1.13 eV) and one 1P excitorEdy = 1.43
eV). An “effective band gap"Eﬁg, for these excitons can be
defined as the average energy, which is 1.28 eV or possibly
lower by up to 0.05 eV because of the tri-exciton binding energy
(Figure 3b). Hence, for constant photon energy, the photon
energy relative to the effective band gdfy/Eng, for CM in

while chopping the 800 nm pre-excitation pulse. The steep decreasethe presence of an exciton will be smaller than that in the

of the signal right after = 0 ps is an indication that the CM efficiency

absence of one, and CM is expected to occur with lower

changes as a result of the presence of single excitons. The data can bﬁrobability. Following the calculations of Schaller e2ahlong

described by a four-level model (inset), which is described in the text.
The model describes the dynamics optimally for a CM efficiency of

130% (blue solid curve), which suggests that, on average, 1.3 excitons

the lines presented above, this should lead to a decrease of the
CM efficiency to roughly~1.30, in very good agreement with

per absorbed photon are generated as opposed to 1.6 for the QD withouPUr measurements.

pre-excitation. The inset gives a schematic representation of the model
as described in the text.

cannot confirm this dependence in InAs. However, if we
extrapolate from the point of 160% CM efficiencyBgyEpg =
2.74 using a slope of 113% pé&g, we predict that the onset
for CM in InAs QDs lies at 2.1E,. This value is very close to
the predicted threshold value of 2Bpaccording to eq 1.

To go beyond the more conventional one photon to two
excitons CM process, we also measured the effect of (photo)-
doping the QDs on the CM efficiency. This was performed by
pre-exciting the QDs at 800 nm to generate a single exciton
population, as explained in the experimental section, followed
by excitation at 400 nm. The differential signal (i.e., the
difference in the THz signal with and without 800 nm
pre-excitation) is given in Figure 5. It can be seen that there is
a very fast decrease of the signalrat 0 ps. This decrease
indicates directly that photodoping by the 800 nm pulse leads

The reduction of the CM efficiency from 1.6 to 1.3 in the
presence of an exciton is confirmed by qCW experiments. Since
the 5 ns excitation pulse used in the qCW experiments is much
shorter than the 1S exciton radiative lifetime, the QD is always
(at least) singly excited. To corroborate the THz CM efficiencies,
we perform a gqCW experiment utilizing both 532 nm and 1064
nm excitations for the 5.7 nm dots (0.85 eV emission). The
radius of the QDs in these experiments is such that the (fixed)
fundamental (1064 nm) and second harmonic (532 nm) of the
Nd:YAG laser used correspond to excess energies relative to
the band gap which correspond roughly with those used in the
smaller particles in the THz experiments with 400 and 800 nm
excitation. As such, the two combinations of excitation wave-
lengths and QD size used in the THz and qCW measurements
give similar predictions for the onset of CM according to eq 1
(discussed further below).

We follow the CM process by probing the emission rather

to fewer excitons immediately after photoexcitation by the 400 than the absorption, introducing a new approach to study the
nm pulse, which indicates that the CM efficiency decreases in CM process. To this end, transient emission spectra are obtained
the presence of an exciton. for both 1064 nm (CM not possible) and 532 nm (CM possible)
The change in CM efficiency can be quantified by a four- excitation wavelengths at several pulse energies, as shown in
level model that describes the system: the four levels consistFigure 6 (where red lines show 1064 nm excitation and green
of No, N1, Np, and N3 containing zero, one, two, and three lines denote 532 nm excitation). These spectra are then
excitons per QD, respectively. This four-level system is depicted decomposed to the exciton/bi-exciton component (which practi-
schematically in the inset in Figure 5. Decay between the cally lie on top of each other as shown in Figure 2) and the
different states is indicated by the curved arrows, with time tri-exciton component (as shown in the black lines for the
constants discussed in the text above. highest energy 532 nm spectrum). The ratio between the two
In the case of no pre-excitation, the CM factor of 1.6 dictates Peaks is plotted in the inset as a function of the photon
that 60% of the QDs are excited from the ground state o~ absorption rate. Without CM, the two lines should overlap, as
via CM after a 400 nm photon is absorbed. The remaining 40% the population in that case is strictly dependent on state filling

of the QDs do not undergo CM and are excited iNto In the following single excitation events. This was confirmed in
case of pre-excitation with 800 nm light, all QDs are in e experiments on CdSe/ZnS dots using both 355 nm and 532 nm

state atr = 0 ps, when the 400 nm pulse arrives at the sample. €xcitation. Here, however, we observe a clear shift between the
In this situation, a certain fraction of the QDs undergoes CM two curves, where enhanced tri-exciton contribution is present
and is excited from thé\; level into Ns. The fraction of QDs upon 532 nm excitation. This excess tri-exciton emission can
that does not undergo CM is excited from tKelevel into N,. only be due to CM, leading to a larger number of carriers and
The blue curves in Figure 5 represent the situations where O%hence an enhanced tri-exciton contribution at 532 nm. This
(dotted, blue), 30% (solid), and 60% (dashed) of the QDs Observation provides a unique signature for CM related to the
undergo CM. These situations are defined as 100%, 130%, andenhanced emission of the higher exciton states.

160% CM efficiency, respectively. The model clearly describes  The CM efficiency can be obtained from these experiments
the data optimally for a CM efficiency of 13@ 10% (1.3 by the scaling factor of the&-axis compression required to
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