18214 THE JO! L OF
PHYSICAL
CHEMISTRY

2005,109, 18214-18217
Published on Web 09/14/2005

Interplay between Auger and lonization Processes in Nanocrystal Quantum Dots

Robert M. Kraus, Pavlos G. Lagoudakis,* Josef Muler, Andrey L. Rogach,
John M. Lupton, and Jochen Feldmann

Photonics and Optoelectronics Group, Physics Department and CeNS, Ludwig-Maximiliaresditéi
Munchen, Amalienstr. 54, 80799 Munich, Germany

Dimitri V. Talapin and Horst Weller
Institute of Physical Chemistry, Urersity of Hamburg, Grindelallee 117, 20146 Hamburg, Germany

Receied: July 5, 2005; In Final Form: July 28, 2005

We study the interplay between Auger effects and ionization processes in the limit of strong electronic
confinement in core/shell CdSe/ZnS semiconductor nanocrystal quantum dots. Spectrally resolved fluorescence
decay measurements reveal a monotonic increase of the photoluminescence decay rate on excitation density.
Our results suggest that Auger recombination accelerates ionization processes that lead to the occupation of
dark, nonemissive nanocrystal states. A model is proposed in the quantized Auger regime describing these
experimental observations and providing an estimate of the Auger assisted ionization rates.

The optoelectronic properties of semiconductor nanocrystal fluorescence under continuous-wave excitafiéh??However,
qguantum dots (NQDs) bear great relevance to fundamentalthe effect of the fast Auger recombination on the comparatively
research in semiconductor physiésMoreover, the tunability slow ionization processes and the implication on the PL
of their photoluminescence (PL) from ultraviolet to near-infrared dynamics of NQDs have not been treated so far, neither
wavelengths and the large absorption cross-section underexperimentally nor theoretically.
nonresonant excitation render these nanostructures promising In this letter, we study the correlation between ionization
elements of future applications, e.g., in light-emitting diodes, processes and Auger recombination in NQDs and show that
biophysical fluorescence markers, and for biomedical sensitiza- cooperative nonradiative effects dominate the fluorescence decay
tion purposes:-® It is therefore important to understand the dynamics in the high-excitation-density regime. Spectrally
nature of spontaneous emission and competing nonradiativeresolved fluorescence decay measurements reveal a monotonic
decay channels in these materials. increase of the PL decay rate with excitation density. In the

The most significant nonradiative processes that reduce thepreviously studied regime of low excitation densities, PL decay
guantum efficiency of NQDs are thermal ionization or tunneling rates remain virtually unaffected, whereas under high-density
of a carrier to a trap state and Auger effects. In semiconductor excitation, in the multiple €h pair regime, the PL decay rate
nanostructures with strong quantum confinement, the Auger rises. A kinematic analysis suggests that ionization processes
effects are greatly enhanced by increased cargdarrier are accelerated in the presence of Auger recombination (which
interactions’, whereas thermal ionization is usually hindered by occurs on much faster time scales), whereas previous rate
the increased spacing between successive energy states. Thequation models that do not consider the correlation between
energy released from an Auger recombination process is givenionization and Auger recombination cannot reproduce our
to another carrier in a single scattering event, usually with the experimental observatiofi§:”
participation of a phonon, whereas thermal ionization is a  The proposed mechanism for a core/shell NQD is pictorially
multiscattering process of a carrier with several phorfoims. described in Figure 1. The most important ionization process
the case of Auger autoionization or other ionization processes,is phonon-assisted tunneling to a trap state, whereas Auger
the excess of a charge carrier in the NQD quenches the radiativeautoionization is not energetically allowed for the lower energy
recombination of the remaining electrehole (e-h) pairs® The carriers in the NQDs of this study, and thermal ionization is
general importance of Auger effects and ionization processeshindered by the high energy barrier (several eV) to the
on the fluorescence and photoinduced absorption dynamics ofcontinuum. Phonon-assisted tunneling to a trap state becomes
NQDs has been discussed in several studies using different time-more probable for a carrier delocalized over the whole NQD
resolved techniques and rather different excitation den8iti€s.  (core and shell) than for a carrier delocalized only in the core
Auger effects have been invoked to explain fluorescence andbecause of the increased wave function overlap of carrier and
bleaching dynamics in ultrafast spectroscopy measureriefits.  trap states in the vicinity of the NQD's surface. Auger
lonization processes are often referred to in the context of low recombination results in a carrier occupying a higher energy
densities and slow dynamics, such as the reversible PL quenchievel (Figure 1, middle sketch), which can either relax to a lower
ing of single NQDs, manifested by “off" periods in the energy state or scatter to a trap state. These processes should

not be treated as uncorrelated events because of the different

* Corresponding author: pavlos.lagoudakis@physik.uni-muenchen.de. ionization rates of carriers that undergo Auger recombination.
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Figure 1. Elementary nonradiative effects in core/shell NQDs with 3
band-gap energfy and carrier ionization energl;. A carrier from &
the ground state can be scattered to a trap by phonon-assisted tunneling
(left sketch) or to a higher-energy state via an Auger recombination

process (middle sketch). An excited carrier can relax energetically or 1
alternatively can be more efficiently scattered to a trap via phonon- T
assisted tunneling due to increased carrier wave function overlap with i X
the trap states in the vicinity of the NQD (right sketch). - _low energy %“ -
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In the right-hand sketch of Figure 1, the proposed Auger assisted
ionization process is depicted, in which Auger recombination
acts cooperatively with phonon-assisted tunneling to a trap state
and results in a higher ionization rate. To experimentally observe
this effect, we combine time-resolved PL, which has previously ]
been described in the framework of Auger autoionizatfofs, M’w
and high-density excitation above the onehepopulation I . ]
threshold, the effects of which have thus far only been | [
conS|_dered on uIt_rafast time scales using PL upconversion and 0 10 20 30 40
transient absorptioft. Time (ns)

The quantum dots |nvestlg§ted in this study are. CdSe/ZnS Figure 2. (a) Spectrally integrated PL decay curves of an ensemble
core/shell nanocrystals stabilized by hexadecylamine/trioctyl- ¢ c4se/zns core/sheli NQDs at 28/cn? and 25QuJ/cn? excitation.
phosphine/trioctylphosphine oxide ligands. The NQDs are of |nset: Emission (dashed line) and absorption (solid line) spectra of
three different sizes, with mean core radii of 1.25, 1.55, and CdSe/znS core/shell NQDs in solution. (b) Spectrally filtered PL decay
2.45 nm. The nominal shell thickness is between 2 and 3 curves measured under 23/cn? excitation at the high- and low-energy
monolayers for all sizes, estimated from the added average mas§ides of the PL spectra. Inset: PL spectrum of a film of CdSe/ZnS
of ZnS per particle and consistent with transmission electron NQDs (_solld line). The colored lines show the transmission bandwidth

. - of the filters employed.
microscopy measuremerfsPL and absorption spectra from a
solution of the biggest NQDs (core radius of 2.45 nm) in toluene distribution of NQD sizes in an ensemble impedes a quantitative
are shown in the inset of Figure 2a. The standard deviation of interpretation of the recombination dynamics. Spectral filtering
the size distribution of these particles is 0.7 nm in radius as of the PL can substantially reduce the size distribution of NQDs
estimated from the inhomogeneous broadening of the emissioninvolved in the dynamics. Interferometric filters are used to
spectr&* The PL quantum yield of these NQDs 1850% in spectrally narrow the PL measured and consequently the
solution. Time-resolved PL measurements were performed ondistribution of NQD sizes. Spectrally filtered PL decay curves
130-nm thick films of dispersed NQDs (average interparticle detected under the same excitation density 42%cn?) are
distance ~30 nm) embedded in polystyrene using time- shown in Figure 2b. The PL signal is collected from the high-
correlated single-photon counting of 1.2-ns resolution. The and low-energy sides of the emission maximum, which corre-
NQDs were excited nonresonantly with 130-fs pulses at 400 sponds to NQDs of 2.35 and 3-nm core radius respectively, as
nm at room temperature under vacuum conditions. For the rangeindicated by the colored curves in the inset of Figure 2b.

PL intensity (norm)

of excitation densities used in this study 2260uJ/cn?), the In a qualitative picture, the dependence of PL decay on
average number of-eh pairs per NQDINCis calculated from excitation density and NQD size can simply be attributed to
INO= Jyo, whereJ, is the excitation photon flux and the Auger effects and ionization processes, following previous

NQD absorption cross-sectidhAbsorption from the shell has  reports®1117This view is further supported from the sublinear
been neglected, since the excitation energy (3.1 eV) is muchdependence of the integrated emission intensity with increasing

lower than the band gap of ZnS (3.6 eV). excitation density shown in the inset of Figure 3. Hereatfter, to
Figure 2a shows two spectrally integrated PL decay curves gain quantitative insight into the different Auger processes or
obtained under different excitation densities @28cn?) and the possibility of other nonradiative decay channels that give

(250 uJ/cn?). Apart from the nonexponential character of the rise to the observed PL dynamics, it is necessary to systemati-
decay dynamics of each curve, as expected from ensemblecally measure the change of the PL decay rate over a wide range
measurements due to the statistical distribution of decay life- of excitation densities and thus-& pair populations. Figure 3
times}O there is an apparent change of the PL decay rate for shows the dependence of PL decay r&g, on e-h pair

the different excitation densities. We ensured that no hysteresispopulation for both the high- and low-energy sides of the
occurred by measuring the excitation-density dependence forinhomogeneous size distribution. The decay rate increases
both increasing and decreasing densities. Decay rates are simplynonotonically withIINCJ Note that the absorption cross-section

determined as the inverse of the @lecay time Ky). No fitting is larger for the large (i.e., lower-energy) NQDs, enabling greater
curve is used throughout this study because of the manifold of INCthan for the smaller NQDs.
distribution functions that affect the decay dynamics. In NQDs, the most commonly investigated nonradiative

In semiconductor nanostructures, Auger effects strongly processes are Auger recombination, Auger autoionization,
depend on the degree of spatial confinenfefiherefore, the thermal ionization, and phonon-assisted tunneling to a®rép.
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Figure 3. PL decay rate of the spectrally filtered emission vs average &
occupation number of-eh pairs per NQD. Squares (circles) correspond gju
to the low (high)-energy side of the inhomogeneously broadened PL
and thus to large (small) particles within the ensemble. Solid lines 13+ -
correspond to the theoretical results. Inset: Integrated PL intensity vs +
excitation density. +
) . HiH
Whereas the Auger effects usually occur on the picosecond time Or . . . . . . ]
scale, thermal ionization and phonon-assisted tunneling to a trap 20 21 22 23 24 25
state are usually at least 1 order of magnitude slower and are Energy (eV)

thus generally neglected in the framework of ultrafast dynam- rigyre 4. (a) Scheme of the different recombination pathways in the
ics 262" However, phonon-assisted tunneling to a trap state be- number-state picture for the first three number states, ns). Each
comes more probable the higher the energy level is from which number state higher than 1 can either recombine radiatively, in which
the carrier is ejected. Since Auger recombination excites a carriercase it increases the immediate lower number staitg (ed arrows),
to higher energy states, it increases the probability of carrier Of alternatively relax n_onradlatlvely throu_gh Auger reco_mbmaﬂqn. Some
ionization, thus suggesting a correlation between the two e1LfeCtS_of the NQDs undergoing Auger recombination get ionized, which leads

A binati b ively f h to the NQDs entering a dark stateln;, dotted arrows). The remaining
uger recombination becomes progressively faster as the yops increase the immediate lower number state following the rate

number of e-h pairsN in the NQD increasesk(C) N?). The (1 — Pokin, dashed arrows). (b) The dependence of the Auger assisted
discrete dependency of the Auger recombination kate N ionization probability P,, on the emission energy of NQDs of different
makes the representation of Auger recombination using numbercore radius. The horizontal error bars correspond to the full width at
states most appropriaté Under nonresonant excitation of an half-maximum of the detection bandwidth, the vertical error bars
ensemble of NQDs with short pulses, number-state filling can S0réspond tat10% change of the rms value of the fit, and the gray
be approximated by a Poissonian distribution, provided the area corresponds to the calculated tunneling probability (see text).

average numbeNCbf e—h pairs per NQD is known. Note that  \hich case the subsequent lower number state is incresgd (

n (t = 0) O (INTihe ™ wheren; is the number of NQDs e arrows), or decay nonradiatively through Auger recombina-

with i e=h pairs. tion (kn;). Of those e-h pairs that undergo Auger recombination,
In the multiple e-h pair regime, radiative recombination can gome lead to ionization and charging of the NQ@EK(n;, dotted

occur from anyn; state. However, because of the lower oscillator arrows), while the remainder increase the immediate lower

strength of the higher-energy states, the emission originatesnymper state ((1- Pn)kni, dashed arrows). The effective

mostly from the lowest-energy-¢h pair, independent diNCF® radiative ratek; is extrapolated from Figure 3 faNC— 0 and

Auger electron cooling, an efficient thermalization process, thus therefore includes all excitation-density-independent decay
renders occupation of the ground state most probable at all timesghannels, while; is calculated from

in the multiple e-h pair regime;1820 whereas ionization
processes quench the radiative recombination of the remaining
e—h pairs because of the excess of a charge carrier in the NQD.
Considering these effects, the dynamics of nonresonantly excited
NQDs can be approximated with the following set of number- where we have approximatégl= 10-k;, and neglected the size

ik, = ('5)2 withi > 2

state filling equations: dependence of this ratid:3°The overall dynamics of the photon
states @/dt that accounts for the experimentally measured PL
dn, is given by
i (ke + k) + [(1 = Pk q + kI, g -
p
_—= n.
wherek; is the effective radiative recombination rake (with dt k,lz !

i = 2) is the Auger recombination rate of tite number state,

and P, is the probability of Auger assisted ionization. The wherem counts the participating number states. All number
schematic coupling between the number states and the differentstates with populatioe 0.5% of the total number of-eh pairs
processes are depicted for the first three number states in Figureare considered in the calculations. This set of number-state filling
4a. Here, we have assumed that oreheand two e-h pair equations predicts the experimentally observed dependence of
states have the same effective radiative recombinationk:ate, the PL decay rate on the excitation density for a probability of
Each number state> 2 can either recombine radiatively, in  Auger assisted ionizatioR,, of 11.4% for the smaller and 9.8%
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and phonon-assisted tunneling cannot be thought of as uncor-
. related events, congruently with previous repétts.
In conclusion, we have demonstrated that cooperative non-
e radiative effects, such as Auger recombination and phonon-
b assisted tunneling dominate the PL dynamics of NQDs and
] describe the intriguing increase in the PL decay rate above the
1 average population of one—& pair in the limit of strong
electronic confinement.
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