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ABSTRACT

Fluorescence “blinking” kinetics of isolated colloidal InP quantum dots (QDs) are investigated via confocal single molecule microscopy.
Analysis of fluorescence trajectories reveals inverse power law behavior (O 1/z™) in on/off time probability densities with mo, ~ 2.0(2) and
Mot ~ 1.5(1). Such an inverse power law in both on/off times is inconsistent with a static distribution of electron/hole trapping sites and
highlights the role of fluctuations in the QD nanoenvironment.

. Introduction excited QD modulates rapidly between “on” and “off” levels.
Such “blinking” behavior, where the emission of a quantum
dot undergoes abrupt and reversible transitions between
emitting and nonemitting configurations of the system,
appears to be a rather general phenomenon of single-particle

The new and rapidly evolving area of nanoscience is a
fascinating amalgam of different scientific disciplines touch-
ing upon traditional areas such as physics, chemistry, biology,

and engineering. From a physics perspective, interest in microscopy, as witnessed by the observation of such inter-

small-scale objects is motivated by the fact that matter in . . S .
. . 7 . . mittency in fluorescent proteirdight harvesting complexés,
the nanometer size regime can exhibit novel optical/electrical _.

properties that are distinctly different from bulk behavior. single polyme;r stra_md%,por?:sz §|I|cor_f", selgfjssembled
Furthermore, chemical phenomena can be profoundly influ- q_uantum dots? colloidal QDsl,7 single ions;>*and even
enced by changes in the “local” molecular environment, single laser dye moleculés.
stimulating interest in kinetic studies on nanometer length ~ Blinking has been widely attributed to “quantum jump”
scales. The recent development of single molecule optical Phenomena first described by Bohr in 1913 and later by Cook
techniques addresses both these needs by opening up &nd Kimblé®in 1985. Quantum jumps refer to interruptions
powerful set of new experimental tools for studying the Of rapid fluorescence cycling inside an “on” manifold of
kinetics/dynamics of isolated species. In this respect, single-states by infrequent transitions to/from a nonemissive “off”
molecule optical studies offer a unique window into the manifold, where the time dependent fluorescence “trajectory”
nanosciences, since a number of phenomena such as fluocan be used to follow the quantum state evolution of the
rescence intermittency, spectral diffusion, and charge blinking System. Sustained periods of emissiory("), for example,
have been postulated to be sensitive to the “nanoenviron-might correspond to fluorescence cycling between optically
ment” of the species under investigation. coupled ground and excited states, with intervening periods
This letter describes recent studies of fluorescence kineticsof darkness (to") indicating projection of the wave function
in isolated 11V InP semiconductor quantum dots (QDs), into an optically “dark” state (e.g., a triplet state), from which
extending and complementing our previous fluorescenceit eventually recovers. As generally true in single-particle
studies of I-VI semiconductor CdSe/ZnS QDs. In particular, Kinetic studies, the rates for transformation between emitting/
the present focus is on first observations of so-called nonemitting configurations cannot be obtained in any single
fluorescence intermittency effects in colloidal InP QDs, measurement, but instead must be statistically inferred via
where the fluorescence efficiency of a single, continuously the probability density of on/off times, i.6€2(ton) andP(zos).
For example, the simplest two-level kinetic analysis for
TJILA, National Institute of Standards and Technology and University interconversion between the two distinct on or off manifold
of Colorado at Boullder. of states predicts a single-exponential decayFr,;) and
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readily extract the characteristic forward and reverse rateto have additional kinetic studies of power law blinking in
constants. This quantum jump analysis has been usedother systems, such as QDs grown alternatively fromV|
successfully in the case of single ions confined to radio semiconductor materials.
frequency trap$? single molecules at liquid helium temper- To address this need, we have extended these single-
atured® and isolated impurities embedded in a crystalline molecule fluorescence experiments toward colloidal InP
matrix?* revealing intersystem crossing (ISC) rates and dark semiconductor quantum dots, which serve as the primary
triplet lifetimes of isolated species. However, application of focus of this paper. This work represents the first investiga-
this kinetic analysis has not been straightforward in many tion of fluorescence blinking in isolated colloidal InP QDs,
condensed phase fluorescence systems at room temperaturand permits direct comparison with extensive blinking kinetic
which often do not exhibit single exponential on-time and data from other laboratories on colloidal ZnS overcoated
off-time probability densities. Rather, it is more often the CdSe QDs. An outline of the paper is as follows. In section
case that botiP(z,,) and P(z¢) exhibit significantly non- II, we briefly describe experimental details of the single-
exponential behavior, which renders the simple two-level molecule confocal optical microscope and synthesis of
quantum jump analysis inadequate and requires a morecolloidal InP QDs. Experimental data for InP QD fluores-
sophisticated kinetic model. cence intermittency is then described in section lll, followed
Fluorescence intermittency kinetics of individual ZnS by analysis/discussion of these results in section IV. One

overcoated CdSe QDs has been especially well studied, anc9°a| will be to test for the presence of power law _kinet?cs in
serves as a particularly good example of highly multiexpo- the NP QD data, as well as consistency with simple
nential kinetics. Specifically, instead of single-exponential dyngmmal models of carrier tunneling through f'“CtF‘a“”Q
behavior, the blinking kinetics of individual CdSe QDs has Paiers. The conclusions of the work are summarized in
been shown to follow an inverse power law section V.

P(z) O (1/0)" 1) Il. Experiment

The experiments are conducted using a confocal optical
microscope in an epi-illumination configuration. The excita-
tion source is the amplitude-stabilized 488 nm line of an air
cooled Ar laser that has been optically filtered to eliminate
contamination by other laser lines and residual plasma light.
Samples consist of very dilute solutionss 101 M) of

in both P(to) andP(zq),101122with the power law exponents

of orderm~ 1.6. This surprising result has been tested over
a remarkable 9 orders of magnitude in probability density
and 5 orders of magnitude in time. Stated in the context of
a quantum jump model, this would require forward/reverse

rate constants to vary dramatically in time from one blinking colloidal InP quantum dots dispersed in hexanes spin coated

event to another by as much as46ld. These experiments : .
. . ) L onto a glass coverslip that has been flamed with an acetylene
pose the dynamically interesting question: what could be . s
torch to remove fluorescent impurities. A computer-

the cause for such large variations in charge-transfer rates : .
- . . controlledy, y, zpiezo stage scans the coverslip sample under
characterizing the duration of on/off fluorescence episodes

in an isolated QD species? a Qiffr.action limited laser excitation sp_ot, with sample_
' emission collected through the same air (0.9 NA) or olil

Previous studies in CdSe/ZnS QDs have begun to identify ;,,mersion (1.4 NA) objective to generate a At by 10
the critical role of environmgntal ﬂuctuations-inthis blinkiqg um (265 x 256 pixel), two-dimensional (2D) image. The
phenomenon. One widely invoked mechanism for blinking emission is filtered with a holographic notch/colored glass
involves electron (or hole) charge transfer between the QD fjiter combination to remove any residual 488 nm light and
core and a manifold of nearby trap sites, resulting in strong jmaged onto an avalanche photodiode (APD). Displacements
electric fields responsible for increased phonon coupling and of the piezo stage with voltage are calibrated interferometri-
reduced fluorescence efficiency. In the context of such a QD cajly with the 632.8 nm line of a HeNe laser. To isolate the
ionization mOdel, this 10ratio reflects a similar range of fluorescence from an individual QD, the stage is piezoe|ec-
electron/hole transfer rates to/from the QD. As one possible trically adjusted to maximize emission from a single particle.
model, for example, this fluorescence intermittency could Time dependent fluorescence “trajectories” are then taken
be rationalized in terms of modest fluctuations in the with a multichannel scaler with typical integration times of
tunneling barrier height and/or width between the QD and 10 ms. To quantify the fluorescence detection process, we
defect states extrinsic to the partiété! Physically, this could  have determined the total collection efficiency of the confocal
originate from conformational fluctuations of organic ligands apparatus (i.e., APD photoelectrons detected per fluorescence
on the surface of the QD, which modulate the effective photon emitted), based on isotropic light scattering from a
molecular conductivity of the nanocrystallite relative to states BaSQ-coated substrat€:!! The results indicate 0.87 (1)%
on the substrate or surrounding matrix. Alternatively, this and 5.61 (8)% for a dry 0.9 NA and 1.4 NA oil immersion
could be due to small spatial displacements of a very small objective, respectively. These collection efficiencies have also
number of donor/acceptor-like states in the surrounding been tested against single dye molecule fluorescence studies,
substrate/matrix, which alter the tunneling probability of based on previously measured quantum yietd$(80) and
electrons or holes leaving the nanopatrticle. To test modelsabsorption cross sections<{.32 x 107 cnm?) for R6G
of fluorescence intermittency, however, it would be useful coated on surfaces. These single R6G molecule fluorescence

558 Nano Lett., Vol. 1, No. 10, 2001



Downloaded by NAT LIB UKRAINE on August 6, 2009
Published on September 6, 2001 on http://pubs.acs.org | doi: 10.1021/nl010049i

300 [(A) ‘ 15 A radius InP QDs. 0.24 KWiom2] These data represent the first such evidence for blinking
200 | P behavior in single colloidal InP QDs, although such behavior
has been seen in MOCVD grown InP @®and is consistent

100 ‘ ' J * o H ] with the blinking dynamics more extensively investigated

0 ®) — ' ; in CdSe/ZnS QDs. Also evident are strong qualitative
400 ] differences in the nature of fluorescence episodes for different
200 | ‘ ] dots as well as laser intensities. For example, some trajec-
” w L bl ﬂ b tories exhibit “digital” behavior (e.g., panel B) with sustained
E 0 "(E) : : == - on periods, versus much more chaotic behavior (e.g., panels
3 3000 b 1 A and E) witht,, durations down to the 10 ms integration
§ 1500 | ‘ ] time window limit, i.e., qualitatively similar to previous
O MMMMWW“MMMMM ” reports of CdSe/ZnS QD blinking dynamics. This depen-
408 :(?) “ : ‘ Lk : dence on laser intensity is reasonable; the-ooff rates for

INP QDs scale with higher excitation intensities, thereby
200 | | ] shortening the on time distribution. From this perspective,
“ chaotic trajectories simply reflect when the on time distribu-

L(E)

tion becomes comparable to (or smaller than) the data

2000 integration window, which results in averaging multiple on/

off transitions per time bin. Conversely, at lower excitation
1000 ¢ MM ] intensities this time scale becomes much longer, and digital
e .
20 40 60

‘ trajectories are more common. A more detailed analysis of
80 such fluorescence dynamics in digital and chaotic regimes
Time (s) can be satisfactorily reproduced from simple kinetic models

and will be discussed elsewhere.
Figure 1. Fluorescence trajectory of five isolated (15 A radius, = h icallv Ti . h
HF etched) InP QDs dispersed on a glass coverslip. The excitation r?”‘ a. mqre mathematically rigorous perspecpye, the
intensity is 0.24 kW/crhand the integration time is 10 ms/bin in ~ blinking kinetics of these InP QDs can be quantified by
all cases. analysis of the on-time and off-time probability densities,

P(ton) andP(z.). We obtain these probability densities from

results yield 0.8 (9)% and 3.4 (3)% for the NA 0.9 and individual InP fluorescence trajectories by defining an on/

1.4 objectives, which is in reasonable agreement with the Off intensity threshold, typically set to twice the background
BaSQ light scattering measurements. APD level. These statistics are collected over the entire

fluorescence trajectory of a single QD to generate raw

The InP QDs used in this study are made by the '™ . : '
decomposition of indium oxalate and (trimethylsilyl)phos- histograms of on-timesz¢,) and off-times {or), which
phine in a hot coordinating solvent (trioctylphosphine oxide, directly reflect the number of occurrences of a particular
TOPO and trioctylphosphine, TOP) over the course of several ©F Tot Value. At sufficiently long times, however, these
days. The high temperatures (25800 °C) ensure a highly h|s_tograms_have or_1|y_ one or no counts per time bin du_e to
crystalline (zinc blende) product with a surface passivated finite counting statistics. Therefore, the most appropriate
with TOPO/TOP. The synthesis is then followed by etching continuous on-time/off-time probability densitie®(fo,) and
the InP nanocrystallites in a dilute butanolic solution of HF P(or)] are obtained by weighting each point in the on/off
or NH4F, which suppresses any deep trap emission thoughthlstogra_lms b){ the average time between nearest ne|ghbor
to originate from surface defects and improves the band edge€Vent bins. This does not impact data at short event durations
emission quantum vyield. The etched particles are finally due to the presence of counts in each time bin; however, it
exposed to octanethiol, which passivates the HF treategdoes correct for finite statistics at long times. This weighting
surface. This surface passivation procedure significantly Procedure therefore ensures that the modifc,r) and
improves the fluorescence properties of colloidal InP quan- P(7en) distributions remain smooth in this long on-time/off-
tum dots, similar in spirit to “overcoating” methods recently time region, providing the statistically best estimates of the
developed to improve the quantum yield of CdSe @b true on-time and off-time probability densities.

The exponential vs nonexponential characteP(@f,) and
P(70) density can be tested by semilogarithmic plots shown
in Figure 2 (A,C). Physically, linear semilogarithmic plots
in eitherP(zon) or P(7ot) VS time would indicate the existence
Figure 1 shows fluorescence trajectories of five 15-A-radius of a characteristic rate constant for either the {emff) or
InP QDs isolated on the surface of a glass microscope (off — on) transition. However, this is decidedly not the case;
coverslip, selected arbitrarily from the larger set of 33 InP strong curvature is observed in semilogarithmic plots of both
QDs that we have investigated. The trajectories clearly revealon-time and off-time probability densities. This manifests
blinking dynamics, with the fluorescence counts per 10 ms itself as nonexponentiality over a large dynamic range of
integration time window turning on and off abruptly, despite times; the insets in Figure 2 represent the first 0.5 s enlarge-
continuous laser excitation at an intensity of 0.24 kWicm ments of the graph showing curvature even on the shortest

I1l. Results
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Figure 2. (A) Semilogarithmic plot of the on-time probability Ton (S) Ton ()

density P(zon)] for a single InP quantum dot. The inset shows the

first 0.5 s of data. (B) loglog plot of P(z,y) versus time. (C)  Figure 3. Log-log plots of the experimental on-time/off-time

Semilogarithmic plot of the off-time probability densitf(or)] probability densities and accompanying linear fits for the five InP

for the same QD. The inset is again an enlargement of the first 0.5 QDs shown in Figure 1. Column (A) shows lepg plots ofP(zon).

s of data. (D) log-log plot of P(z,1) versus time. Linearity in log Column (B) shows the accompanying off-time probability densities.

log plots of P(zansof) VS Toniorf represent the unambiguous signature |n all cases, the slopes (errors) returned by the linear fitting

of inverse power law kinetics. procedure are shown below each trace. Average on-time and off-
time slopes aren,, = 2.0(2) andmys = 1.5(1).

time scales experimentally monitored. Furthermore, all InP

QDs investigated exhibit such multiexponentiality in their ms to 200us, which show inverse power law behavior in

blinking kinetics, irrespective of size (15 to 54 A) and bothP(zon) andP(z.r) down to at least the 18's time scalé!

excitation intensity (100 to 400 nW). Inverse power law blinking kinetics iR(zon) and P(zof)

In light of the power law kinetics previously observed for is verified in all 15 A = 28) and 54 A (= 5) InP QDs
CdSe/zZnS QDs, loglog plots provide a more quantitatively — investigated, and at all ranges of powers. By way of
useful representation of this on/off statistical data. These dataillustration, Figure 3 shows both on-time and off-time
are shown in Figure 2 (B,D) and reveal remarkably linear probability densities for five InP QDs at 0.24 kW/&iaser
behavior characteristic of an inverse power |&{chnof) [ excitation intensity, specifically those sampled by fluores-
1 Tonof™} ].101122This observation is consistent with results  cence trajectories shown in Figure 1. In all cases, Bgth,)
obtained from CdSe QDs showing the existence of highly and P(z.) exhibit quite linear log-log plots over many
nonexponential, inverse power law behavior in bBf.n) decades in probability density and in time. Results from a
and P(z.) for large (27 A radius) and small (17 A radius) linear least-squares fit to the data are shown by solid lines,
QDs as well as for cases where the excitation intensity haswhich also reveal slopes representing best estimates of the
been varied by nearly 3 orders of magnitude (0100 kwW/ inverse power law exponentsy{, andmy). Statistically, the
cn?).!! In the case of CdSe/ZnS QDs, this inverse power on and off slopes are internally consistent for all QDs
law behavior in bothP(zon) and P(zo) spans nearly seven examined and, on average for the 5 QDs, yrald= 1.9(1)
decades in probability density and five decades in time. For and my = 1.5(1), where the uncertainties represent one
InP QDs, the quality of the statistics is much more limited standard deviation. Similar power law exponent measure-
by photodegradation or “aging,” but ledog linearity in the ments have been made as a function of different dot size
off-time probability density spans nearly six decades in (15 to 54 A) and laser intensity (100 to 390 nW); within
probability density and four decades in time. Similarly, the experimental uncertainty, there is no evidence for sensitivity
on-time probability density exhibits comparable tdgg to these two parameters. However, it is worth noting that
linearity spanning four decades in probability density and the least-squares fitted slopes do show significant variations
two decades in time. The shortest on/off events are currently(Am = 0.3) from one InP dot to the next, especially for QDs
limited by the 10 ms integration window; however, the strong from different synthetic batches. This range of InP power
log—log linearity of both on-time/off-time probability densi-  law exponents is in reasonable agreement with-log data
ties down to this time scale suggests that this inverse powerfor 27 A radius CdSe QDs. More specifically, the on-time
law behavior might extend to even shorter times. Indeed, exponents are roughly 10% higher for the range of InP vs
this prediction is confirmed by CdSe/ZnS QD experiments CdSe QDs investigated, = 2.0(2) vsmy, = 1.8(2)],
with a 50-fold reduction in an integration time bin from 10 whereas the off-time exponents appear to be quite similar
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[mor = 1.5(1) vsmyn = 1.6(2)]. The existence of such inverse
power law kinetics for QDs of different sizes, composition, .
and surface modification suggests a common mechanism %2 2 : 11 ©
underlying fluorescence intermittency in each of these — ®*94° e jo D
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V. Discussion Figure 5. Correlation plotsG(zonsoft, T'onioff) Of ON-times versus
o ) successive on-times (A) and off-times followed by successive off-
The presence of power law kinetics unambiguously rules out times (B). The sides of each boxeat s and each pixel is a 10 ms

any singlerate constant description for forward or reverse intensity representation of the number of events common to both
conversion between on/off manifolds. Indeed, in the perspec-2Xes: A positive correlation would be indicated by a diagonal feature
tive of a quantum jump model, such nonlinear semilogarith- for the z = 7 axis, which is not seen in either the on or off

: | ' distributions. Integrated projections of data along each axis are
mic plots would require the forward/reverse rate constants shown as semilogarithmic graphs.
to vary by 2 to 4 orders of magnitude over the course of an
experiment. One scenario worth investigating, therefore, is large dynamic range fluctuations in a single-exponential
whether such inverse power law behavior is consistent with kq—on rate cannot be responsible for the observed inverse
a single exponential kinetic model, but with a slowly power law kinetics, at least for the off time distributions.
fluctuating rate constant due to time dependent local changesThe case is less definitive for the on-time power law kinetics
in the nanoenvironment. To address this, the fluorescence(mor); log—log analyses of successive “windows” of 100 on-
trajectories have been sequentially truncated by generatingevents appear to indicate inverse power law slope variations
on-time and off-time probability densities from a progres- of up to 30%. However, these fluctuations are also not
sively smaller fraction of the total on/off events. This is inconsistent with & variances between fluorescence trajec-
illustrated in Figure 4, wher®(z.) for a single InP QD tories for different dots from different size batches taken
consisting of~1000 off events is truncated to the first 500 under identical excitation conditions.
and 100 off events. In all cases, the linearityR(rqx) is Further dynamical restrictions on the time scale of such
preserved down to the shortest 100-event trajectory. Fur-rate constant fluctuations can be obtained from correlation
thermore, the value of the slopes, obtained from the linear  plots of on/off durations, as shown in Figure 5. For example,
fitting procedure does not change within experimental if these rate constant variations are very much slower than
error: 1000 eventsimys = 1.57(4), 500 eventsmy = the time scale between on/off episodes, there should be a
1.61(5), 100 eventsmyz = 1.55(9). This indicates that slow, residual “memory” correlating the duration of successive on
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(or off) episodes. This memory would manifest itself as a proposition is supported by experiments that show light-
diagonal feature in a correlation plot @{zon/o, T'oniofr) @loNg induced charge blinking in isolated colloidal CdSe quantum
the Tonjoft = T onjoft aXiS, Whereronor and om0 cOrrespond  dots and by recent theoretical effoft€®What is not known,

to durations of adjacent events. No evidence for such ahowever, is where the ejected carrier resides, whether it is
correlation is observed in any of the InP QDs investigated, localized at “shallow” or “deep” surface states of the quantum
which implies that fluctuations in the blinking rate constants dot, interface states in the core/shell structure, sites associated
must occur on time scales shorter than the “typical” duration with the substrate, or in the surrounding polymer/glass
of an on or off event. On the other hand, fluctuations very matrix. It is also not known how the carrier leaves the
much faster than this would effectively lead to smearing over quantum dot, whether it occurs through a tunneling mech-
the spread of on/off rates, yielding single-exponential anism, thermal ionization, by direct light induced ejection
behavior with rate constants given by the average of the of the carrier, or by an Auger-assisted mechanism.
respective distributed rates. Thus, one arrives at the important We first address what regions the carrier is likely to sample
conclusion that any fluctuations in the on/off rate constants in order to be consistent with experimental observations of
must be occurring on a time scale comparable to the rate ofon/off blinking events occurring out to 8. For quantum
blinking events. tunneling through a square well barrier of heigkiv and

Furthermore, due to the absence of a mathematically well- Width, d, tunneling rates can be estimated from the simple
defined typical time for power law kinetics, this conclusion WKB expression,
can be drawn even more tightly. The InP blinking data
exhibit a 10-fold dynamic range of typical time intervals Yun = AEXp(— 2v2MAV dih) (2)
(from 10 ms to 100 s), where the former is simply limited
by the minimum integration time window and the latter
reflects finite observation times due to photodegradation
effects. One can reasonably argue that the only way

fluctuations in these on/off rates can occur on a time scale expression corresponds to a 1/e decrease in probability
comparable to (i.e., neither faster nor ;Iower than) such aNper 0.976 A in tunneling distance. Based on this, carrier
enormously broad range of observed time scales would bey\neling lifetimes to/from trap states at the QD surface (note
if the fluctuations are in fact synchronized with the on 5 for Cdse QDs, this requires tunneling through a ZnS
off or off = on blinking event itself. This would be  erc0ating) would occur well belows time scales, i.e.,
consistent, for example, with a model where each carrier ., ,ch too fast to be responsible for these slow blinking
ejection event causes changes in the local QD nanoenviron<yents. indeed, short-lived blinking episodes may well be
ment, erasing any memory between successive blinking occrring involving these states on the submicrosecond time
episodes. One example of this has been proposed byscaie put are much too fast to be resolved with our 10 ms
Neuhauser et al., whereby many electrons and holes ar€,yperimental integration times. Thus, the data are not
localized on the surface of the nanocrystallite surface due expected to be sensitive to the different electrbole
to accumulated photoionization evetit&jection of eIec_trons recombination dynamics on InP vs ZnS/CdSe QD passivation
and holes to these surface states followed by their recom-|ayers. (It is interesting to note in this regard that CdSe/ZnS
bination could then allow for dynamic reorganization of the g;,dies with shorter (200@s) integration windows do show
remaining carriers, providing a r:_altional for fluctuations in blinking and power law kinetic behavior. However, even this
both charge and Coulomb fields imposed on the QD. Such is toq |ong for time scales of electrethole pair recombina-
models nicely bridge three experimental observations seenjg, on QD surfaces.) To achieve sufficiently slow tunneling
in isolated semiconductor QDs: fluorescence intermittency, rates to rationalize the observed blinking rates, therefore, trap
charge blinking, and spectral diffusiéhln any case, the  giates extrinsic to the dot must be accessed. For example,
experimentally observed combination of (i) a power law pased on av4 eV barrier for tunneling through free space,
distribution and (ii) the lack of correlation between adjacent gyents occurring on the iG time scale would involve
Tonioff €PISOdes provides clear evidence for a significant tunneling to sites more than20 A away from the QD. Since
chan_ge in the local QD environment synchronous with the pq polymer matrix or glassy host is used in these experi-
blinking event. ments, one can speculate that the electron or ejected hole
At this point it is worth expanding the scope of discussion localizes itself on donor/acceptor-like states of the fused
to include both InP and CdSe/ZnS QDs, and briefly consider silica/glass microscope coverslip. This would also be quali-
possible physical mechanisms for the distributed kinetics and tatively consistent with the strong dependence of fluorescence
associated inverse power law behavior observed in both theintensity on coverslip material; for example, we observe a
on-time and off-time probability densities. A number of 10-fold reduction in fluorescence intensity for CdSe/ZnS QDs
models have been proposed (quantum jumps, Auger ioniza-on fused silica vs glass substrates.
tion, Arrhenius or activated trapping/detrapping, tunneling  Regardless of how the carrier is ejected from the quantum
to a distribution of states, and fluctuating barriers); physically dot, the nonexponential power law kinetics appears to require
all mechanisms entail photoionization of the quantum dot. a distribution of states to/from which the carrier tunnels. An
In this respect it is assumed that an electron is ejected fromadditional subtle but crucial point is that a power law
the quantum dot, leaving it charged and nonemissive. This distribution is observed in botR(z,,) and P(z.), Which

where the carrier attempt frequendéy (~10*—10' s1)
reflects the maximum electron tunneling rate in the absence
of any barrier. Foa 1 eVbarrier and a free election mass,
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allows one to convincingly infer that this distribution of states It is also interesting to note that simple bulk electron affinity
must be dynamic rather than static. The argument for this based estimates of barrier heights in InP (3.70 eV) vs CdSe
relies on simple kinetic principles: a static distribution of (4.59 eV) would predict larger~{11%) 1/e tunneling
external trap states would translate into a static rate constandistances for InP, which is roughly consistent with the
for carrier loss from the quantum dot, given by the sum over observed ratio of on-time exponents for the two QD
all rate constants to each site. As a result, any static modelmaterials.

would necessarily predict a purely exponential distribution  One plausible (albeit phenomenological) model consistent
of on-time probability densities, which is fundamentally with current data is via quantum tunneling (possibly Auger
inconsistent with experimental observation. assisted) of the carrier through a barrier, but where modest
Based on these observations, we can start to rule out a(~ +25%) fluctuations in this barrier height or width
number of physical mechanisms by which the electron (or translate into tunneling rates that fluctuate in time ove* 10
hole) leaves the quantum dot. The basic quantum jump fold. The importance of carrier tunneling is already evidenced
model, which argues trapping of the carrier in a metastable by the observed red shift of the QD absorption upon
shelf or intrinsic triplet-like state, cannot be responsible for overcoating CdSe QDs with ZnS (or Cd8)?¢ As noted
the observed fluorescence intermittency. This is becauseabove, the location of these trap sites is argued to be extrinsic
associated with such a state would be two time independentto the QD in order to observe on/off events on experimentally
rate constants for trapping and detrapping the carrier (in accessible time scales. While the explicit nature of these trap
isolated single molecule studies, for example, these oftenstates is not clear, they would most likely involve substrate
correspond to intersystem crossing (ISC) and triplet quench-states in the fused silica or glass coverslip. Furthermore, to
ing rates). The inverse power law kinetics for b&fron) obtain the observed dynamic range of inverse power law
and P(z.f) requires that such rates be highly distributed in behavior in bothP(zo,) andP(z.x), the model requires £0
time. Furthermore, thgs to minute time scale of events is fold fluctuations in tunneling rates to/from an isolated trap
inconsistent with the intrinsic lifetime of QD electronic state, presumably due to changes in the local environment
states® For an Auger ejection mechanism, a quadratic of the quantum dot. As one explicit physical picture, such
dependence of the ejection rate with excitation intensity is fluctuations could arise from conformational changes in the
predicted. Experiments have been conducted exciting CdSeorganic ligands passivating the surface of the colloidal
QDs (ZnS or CdS overcoated) both at the band edge andparticles, which, in turn, modulates the conductivity for
further to the blue into a dense manifold of states;in all carrier transport between isolated trap states and the QD.
cases, no such quadratic dependence of the on to off rateThis model also has the advantage that it would predict the
has been observed. Rather, it is generally observed to followgreatest dynamic range of tunneling rate fluctuations in the
a linear dependence on intensiy/. This argues against a  limit of only very few trap states, which is therefore more
direct “over the barrier” Auger ionization but does not rule likely to be consistent with the high quantum yield and
out an Auger-assisted tunneling mechanism. crystallinity of ZnS overcoated CdSe and HF etched InP
Experiments on CdSe/ZnS QDs show little or no temper- QDs. Alternatively, one could argue for the dynamic
ature dependence to the blinking power law statigéd.  reorganization of multiple charges decorating the quantum
This lack of temperature dependence argues against anydot as a means of varying the local nanoenvironment of the
activated or Arrhenius mechanism coupled to a static particle for the long-range tunneling events. This is consistent
distribution of trap states intrinsic to the quantum dot. The with the model proposed by Bawendi and co-workéfsr
special case of trap sites with exponentially distributed trap blinking and spectral diffusion, but would still require that
depths represents a particularly interesting possibility at first, long time scale tunneling rates measured in these experiments
since such a model rigorously predicts an inverse power law correspond to carrier recombination events originating from
in P(zor).3° However, this model also predicts a modest distances far from the QD. The specific kinetic implications
temperature dependence of the fams= 1 + okT, wherea of these and other possible models for quantum dot fluo-
is a temperature independent coefficient related to the traprescence intermittency have been investigated and will be
state distributiod! Furthermore, the number of surface/ discussed elsewhere in more detail.
interface states required to be consistent with such a dynamic
range of inverse power law behavior would be on the order
of several hundred to several thousand, i.e., comparable to V. Summary and Conclusions
or greater than the total number of In and P sites available
[15 A radius InP~200 sites, 27 A radius InR1000 sitesf* The present work complements the knowledge base on
This would be inconsistent with the relatively high quantum fluorescence intermittency by providing additional kinetic
yields reported for HF etched InP particles (up to 30% at studies of blinking in systems other than ZnS overcoated
room temperature) and of ZnS overcoated CdSe QDs (up toCdSe QDs. In this respect, the observation of inverse power
50% at room temperature), since in effect the surface would law blinking kinetics in [II-V InP colloidal semiconductor
consist entirely of trap states that render the particle QDs supports our working hypothesis that local environ-
nonemissive. Finally, any static distribution of trap sites is mental fluctuations profoundly influence carrier photoion-
fundamentally inconsistent with an inverse power law ization and recovery rates underlying the on/off fluorescence
behavior in the on-time probability density, as argued above. intermittency. In addition, a growing body of evidence, from
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the correlation between spectral diffusion and blinking to

the remarkable coincidence of blinking time scales needed
to achieve an inverse power law yet show no correlation

(10) Kuno, M.; Fromm, D. P.; Hamann, H. F.; Gallagher, A.; Nesbhitt, D.
J.J. Chem. Phys200Q 112 3117.

(11) Kuno, M.; Fromm, D. P.; Hamann, H. F.; Gallagher, A.; Nesbhitt, D.
J.J. Chem. Phys2001, 115 1028.

between subsequent on/off times, points to the likelihood (12) Neuhauser, R. G.; Shimizu, K.; Woo, W. K.; Empedocles, S. A;

that these carrier ejection/recombination events themselves
initiate changes in the QD nanoenvironment. As a conse-

Bawendi, M. G.Phys. Re. Lett 200Q 85, 3301.
(13) Rodrigues-Herzog, R.; Trotta, F.; Bill, H.; Segura, J. M.; Hecht, B.;
Guntherodt, HJ. Phys. Re. B 200Q 62, 11163.

guence, a more detailed understanding of this inverse power (14) Barnes, M. D.; Mehta, A; Thundat, T.; Bhargava, R. N.; Chabra,

law behavior may enable better insight into important

V.; Kulkarni, B. J. Phys. Chem. B00Q 104, 6099.
(15) Lu, H. P.; Xie, X. SNature1997 385, 143.

chemical kinetic and dynamic processes involving these QDS, (16) Ha, T.: Enderle, Th.; Chemla, D. S.; Selvin, P. R.; Weis€lgm.

which in turn may enable successful implementation of these

novel materials in future optoelectronic devices.
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