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Photoluminescence (PL) enhancemehtind fluorescence in- a . b |
termittency (FI3—® are characteristic properties of colloidal semi- :: X :1":‘;5 '%::
conductor nanocrystals or quantum dots (QDs). A need to under- é,o_ ;" 1212 gioo-
stand these processes has been driven by an increasing range of's s k: 0.20 £ 0.02 E:
applications. Large absorption cross-sections and high quantum 2 = kg 0.033:0.001 | £ 4
yields, broad excitation spectra, and the ability to tune emission 107 émf
wavelengths simply by size have made QDs highly attractive for EREIED énﬁ'&;;m'm'm w0 °
biological imaging’ as single photon sourcésand for charge E1zi dm_
generation in photovoltaic devicédmplicit to resolving FI has S ol S
been the imaging of single QDs where blinking in the fluorescence S % 8
intensity trajectories has been attributed to electron loss from the § s E 6
excited state (conduction band) via tunneling and/or Auger ioniza- g‘ + g+
tion, the “off-state”, followed by charge migration or recombination, £ :: é :: ___L

the “on-state’s1%In contrast, studies of PL enhancement have been © 2 4 6 & 1 12 W o0 2 4 6 & 10 2 M
performed on QD ensembles on substratsin solution23 PL Excltaton Inteneity (irm’) Excitation Intensity (kiflem)
enhancement has then been attributed to a dark fraction beingFigure 1. (a) Evolution of the fluorescent QD population under continuous

. . L . .o . 488 nm illumination at 2.7 kWem=2. Superimposed is a fit of the
rendered fluorescent under continuous illumination, with an intrinsic intermediate populatiorB(t) for a CER. (b) Correlation between QD

QD guantum yield (QY) close to unifyAnalysis of fluorescence  population and total fluorescence intensity. Quadratic fit in the population

from individual QDs offers the ability to differentiate between PL N (red) and its linear component (blue). (c and d) Power dependence of the
enhancement due to a dark fraction switching-on and that due tolinear (background-corrected) and nonlinear components in the total
the QY of individual dots being modified fluorescence intensity due to enhancement and decay.

Here, we report the observation of fluorescence activation, directly with laser power, as expected, while the enhancement
enhancement, intermittency, and decay over the photochemicaldecreases exponentially (Figure 1c and d). The reduced deviation
lifetime of a single QD. The fluorescence intensity trajectories of at higher powers can be largely attributed to a lack in temporal
hundreds of individual ZnS-capped CdSe nanocrystals were re-resolution of the faster PL enhancement and decay at a fixed
corded using total internal reflection fluorescence microséépy. 10 Hz acquisition rate. At lower powers, the divergence is due to
Commercially available streptavidin functionalized QDs (585 and PL enhancement and decay over and above that expected from the
605 nm, Invitrogen) were used under biologically relevant condi- simple activation of a dark fraction with a fixed QY and subsequent
tions. In this casea 1 nMsolution in 0.1 M phosphate buffered  stepwise photobleaching of the population over time.
saline was found to provide stabke 1 h) monodispersions of single Analysis of individual QD fluorescence trajectories has revealed
QDs (<0.1 dotskm?) at the coverslip/buffer interface. a variety of intensity envelopes, characterized by fluorescence

In a first examination of the variation in the number of fluorescent activation, intermittency, single-step photobleaching, as well as
QDs with time under continuous illumination (Figure 1a), the intensity decay, and in some cases PL enhancement (Figure 2a
population envelope was found to be described by a simple d). Evidently, the integration over many single QD trajectories,

consecutive elementary reactions (CER) scheme of the form distributed in time, manifests as a deviation in the total PL from
B — C. Here, a dark QD fractior\ evolves into a fluorescent  that of QDs simply switching-on and eventually -off with quantized,
populationB before decaying to a non-emissive prod@tThe steady-state intensities. QDs undergoing single-step activation and

photoactivatiorA — B and decayB — C are then characterized by  bleaching (Figure 2a) will largely contribute to the linear component
rate constantk, andky, respectively. For QDs emitting with a fixed  of the ensemble fluorescence. Rapid Fl is observed in all trajectories
QY, the emission intensity integrated over the population is expected with a large number of “oroff” cycles operating at a few hertz

to follow the same temporal evolution. However, detailed analysis below the acquisition rate. However, substantially longer dark
shows a nonlinear correlation between PL intensity and QD periods ¢5s), characteristic of QD ionization, carrier trapping, and
population (Figure 1b). A quadratic in the QD populatNmf the core charging, are also evident (Figure 2c). Interestingly, prior to
form I+ = 1aN + IeN?, has been fitted to extract the linear complete fluorescence activation, there appears, in most cases, a
component,l5 (the average intensity per QD), and a nonlinear period of “ignition” during which short transient PL bursts are
component due to enhancement and decay (per @D)ote that followed by relatively long dark interludes. While further investiga-
the exact nature of the nonlinear dependence is unclear; for exampletion of this effect is required to elucidate its origin, it follows that
the quadratic could approximate an exponential dependence of theduring activation a gradual shift to shorter fluorescence-off and
form afexp(yN) — 1] for small yN wherey = 2lg/l, ando = longer -on times will integrate during acquisition to an enhancement
IA%/2Ie. By separating the total fluorescence into linear and nonlinear in the PL intensity. The reverse would then be true for the
components, it can be seen that the average intensity per QD scaleslegradation of the PL, and this may be the case in the latter stages
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[&] b il I ’
@ J \LJI l I ( l if ﬂﬂlm at 1.6 kwem2, Total fluorescence intensity (right inset) and optical window
g ol—all bl L JLLAL (e L 1 “M&.w L] (left inset), showing QD emission spectrum (peak 610 nm), dichroic
S 150/ 40 60 80 00 4 beamsplitter (593 nm edge), and bandpass filter transmission £593
T 40 nm).
100
|
| W’M from the 605 nm long pass edge to the 585 nm reflection edge of
i L J\.J | w\lﬂf,.\h.(..mwwd the dichroic (Figure 3, left inset), then the minimum wavelength
20 ' 40 ' 60 ' 80 T shift is 20 nm at a blueing rate 6f0.5 nm/s. Furthermore, processes
Time (s) leading to the blue shift are seen to continue unabated in the dark

Figure 2. Single QD fluorescence intensity trajectories under continuous Oﬁ'StatPf asfSOC'ated with a C_harg_Ed core of the _QD' Eleethote

514 nm excitation at 1.2 kém~2 showing characteristic Fl and (a) single-  'écombination or charge migration then reactivates fluorescence
step PL activation and photobleaching (b) activation with continuous PL at a level that appears to maintain the intensity envelope. Continued
degradation. (c) Fl-modulated PL activation and stepwise intensity depletion jnyestigation into PL modification at the level of individual QDs
(d) activation, PL enhancement followed by continuous fluorescence decay. may ultimately lead to its control through rational chemistry or

, o . photoengineering. More importantly for quantitative assays using
of the QD S p_hc_)tochem|cal_ Ilfetlme (Figure 2b). prever, processes QDs as probes is the fact that the temporal evolution of the total
acting on individual QDs, including photoannealing and ultimately 5, intensity may only follow that of the true QD population within

photoinduced oxidation, are also ||.ke|y to. contribute to QY strict excitation intensity, exposure time, and environmental limits.
enhancement and PL decay, respectively (Figuresd2f? Many

QD trajectories were found to exhibit near-continuous intensity ~ Acknowledgment. We thank the Royal Society for the URF
envelopes, interrupted only by periods of FI (Figure 2b and d). of Dr. Mark Osborne and the School of Life Sciences for a GTA.
This is not entirely unexpected since single QDs of identical
structure have recently been shown to possess a continuousd
distribution of emission states that has been attributed to a time-
dependent charge migration to surface trapping sites away from
the core, following photoinduced ionizatiéhindeed, QDs have
been shown to develop positive charge under low-level excitation
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