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Fluorescence blinking is commonly observed in single molecule/particle spectroscopy, but it is an
undesirable feature in many applications. We demonstrated that single CdSe/ZnS quantum dots in
agarose gel exhibited suppressed blinking behavior. In addition, the long-time exponential bending
tail of the power-law blinking statistics was found to be influenced by agarose gel concentration. We
suggest that electron transfer from the light state to the dark state might be blocked due to
electrostatic surrounding of gel with inherent negatively charged fibers. © 2010 American Institute

of Physics. [doi:10.1063/1.3280386]

Colloidal semiconductor quantum dots (QDs) have at-
tracted extensive attention in scientific studies and techno-
logical applications recently because of their unique optical
and electric properties. ? One potential application 1s thelr
use as fluorescence labels in biological system studies.>* De-
spite of the good photostability and tunability of the emission
wavelength, the blinking of QDs is an undesirable feature
like driving a car in darkness with blinking headlights.S_7
Therefore, it is important to improve the understanding of
the physics involved in blinking in order to gain better con-
trol of blinking suppression.8

Although the details of blinking mechanism are still un-
der debate, some notions are widely accepted. Following the
formation of an exciton in the neutral light state, the electron
could be transferred to the surface trap states. The dark state
is generally attributed to the formation of such a charged QD
with a hole in the core and an electron trapped in the surface
states.”'® In this case, the excitation energy of the singly
charged QD could be transferred to the excess charge carrier
via efficient nonradiative Auger recombination instead of
photon emission. In QDs, Auger relaxation is very efficient
due to strong quantum confinement in nanosize space.11 To
suppress blinking, one simple approach is to inhibit Auger
recombination by reducing quantum confinement. In a recent
study QDs with an alloyed comll)osnion gradient from the
core to the surface do not blink. ~ Several ideas were also
offered to suppress blinking, such as modlﬁed synthesis, B an
increase in shell thickness of QDS ® surface passivation
with appropriate molecules,' ™" and surface plasmon effects
via coupling to metallic nanoparticles. 20-22

As an example, by synthesizing type- II semiconductor
QDs, one could obtain nonblinking QDs.? Unfortunately,
such an approach often leads to reduced wave function over-
lap between the electron and the hole. As a result, such QDs
exhibit quenched fluorescence and longer fluorescence life-
times, which yields degraded performance of photon emis-
sion. More recently, we demonstrated an approach to concur-
rently maintain strong quantum confinement and blinking
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suppression by coupling the QDs to metal nanoparticles.22
The interactions between plasmonic nanostructures and
single emitters are rather complex and remain elusive.

Encapsulation of QDs has been made into some dielec-
tric materials, such as silica, exhibiting many interesting phe-
nomena, including modification of fluorescence intensity and
photostability.24 In this work, we will discuss blinking sup-
pression and antibunching behavior of single CdSe/ZnS QDs
in agarose gel. By changing the surrounding environment of
QDs, we could influence blinking and the long-time expo-
nential bending tail of the blinking statistics.

Colloidal CdSe/ZnS QDs (water-soluble, hydrophilic,
nonfunctional) with 6 nm in diameter and emission
~600 nm were purchased from Evident Technology. Agar-
ose gel (Sigma-Aldrich) solutions with different concentra-
tions (0.3%, 0.5%, 0.7%, and 1% by weight) were mixed
with QDs solution and then spin-coated on glass. The experi-
ments were conducted using far-field laser scanning confocal
microscope (MicroTime 200, PicoQuant). A pulsed diode la-
ser at 467 nm was focused to a diffraction limited spot by an
oil-immersion objective (Olympus, N.A.=1.4). The fluores-
cence was collected by the same objective and guided to a
confocal pinhole to reject out-of focus light. For photon cor-
relation measurements, TTL pulses from two APDs were fed
into a photon counting module (PicoHarp 300, PicoQuant) to
perform second-order correlation.

The fluorescence intensity trajectories of single CdSe/
ZnS QDs on glass substrate, in 0.3% and 1% agarose gel are
shown in Fig. 1. For QDs on glass and in 0.3% gel stochastic
fluctuation between fluorescent “on” level and dark “off”
level was observed. In contrast, the time trace for single QDs
in 1% gel exhibits essentially continuous emission without
dark periods. Previous research showed that agarose gel fi-
bers were found to be inherently negatively charged because
the backbone is substituted with sufficient amount of charged
groups, such as pyruvate, sulfate, and methoxy groups, are
present in commercially prepared agarose.zs_27 If the transi-
tions from the light state to the dark state could be blocked,
blinking could be suppressed. Moreover, the negative
charges around the gel surface could reduce the tunneling
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jautang @ gate.sinica.edu.tw. rate of the electron to the surface.
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FIG. 1. (Color) Fluorescence intensity trajectory from single QDs on a glass
substrate, in 0.3%, and 1% gel, respectively.

To make sure that the observed nonblinking in agarose
gel is not due to aggregation of QDs, photon correlation
measurements were performed. Figure 2 shows second-order
intensity autocorrelation function g?(7) for single QDs in 1%
agarose gel. The data was acquired for ~30 min and binned
with 400 ps time intervals. Note that the value of g®(7) in
our case is about 0.23, which is still less than 0.5 [the value
of g®(7) is 0.5 for two independent emitters]. This photon
antibunching behavior is the hallmark for single photon
emission from an individual QD rather than emission from
aggregated QDs. The residual g (7) value is likely attrib-
uted to agarose gel, which yields a low fluorescence back-
ground.

The gel has very low but detectable background fluores-
cence as seen from the antibunching measurement. However,
we think that the large amplitude fluctuations of the fluores-
cence intensity in 1% gel is not due to the background fluo-
rescence from gel itself, but most likely due to the fluctuating
electrostatic environment surrounding the QDs in presence
of negatively charged gel fibers. Details of the mechanism
need to be explored in the future.

Figure 3 shows on-time distribution P,(f) of single QDs
on glass, in 0.3%, 0.5%, and 0.7% gel. It demonstrates an
inverse power-law distribution at shorter times but it deviates
from this distribution at longer times, exhibiting an exponen-
tial bending tail. The distribution was fitted using P(z)
~ct™™ exp(=I'r), where ¢ is an unimportant scaling constant,
m is the power-law exponent, and I" is the bending rate. In
our cases, m is typically around 1.0-1.5. Comparing to QDs
on glass, I' becomes greater as the gel concentration in-
creases. According to the model of Tang and Marcus,”® T
increases with the activation energy for electron transfer
from the light sate to the dark state. Therefore, our data sug-
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FIG. 2. (Color) Photon correlation measurements of QDs in 1% agarose gel,
exhibiting antibunching behavior which is a signature of a single-photon
emitter.
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FIG. 3. (Color) On-time blinking statistics of single QDs on glass, in 0.3%,
0.5%, and 0.7% gel, respectively, showing an increased bending rate as the
gel concentration increases.

gests that the activation energy also increases with the gel
concentrations. At a much higher concentration, the activa-
tion energy might become too large for the charge transfer or
blinking to occur. We suggest that the negative charges sur-
rounding the quantum dots might play an important role in
controlling charge transfer and blinking suppression. Unlike
the on-events, the occurrence of the dark events is less fre-
quent for QDs in gel, and becomes absent for the case with
1% gel. Therefore, the noise level of the waiting time distri-
bution during the dark events would be too high for a mean-
ingful analysis.

In conclusion, we demonstrated blinking suppression of
single QDs in agarose gel at 1% concentration. We observed
that the long-time exponential bending tail has an increasing
bending rate for single QDs as the gel concentration in-
creases from 0.3% to 0.7%. Moreover, the antibunching be-
havior indicates that the fluorescence time trace is due to
single-photon emission from one single QD and not from an
ensemble of QDs. Due to the negative charges inherent with
gel fibers and the electrostatic surrounding around QDs, elec-
tron transfer from the light state to the dark state might be
blocked, leading to blinking suppression of QDs in agarose
gel.

J.T. thanks the support of the Academia Sinica and Na-
tional Science Council of Taiwan under the Program No.
96-2113-M-001-032-MY3.

DI Norris, A. Sacra, C. B. Murray, and M. G. Bawendi, Phys. Rev. Lett.
72, 2612 (1994).

’s. Li, K. Zhang, J. M. Yang, L. Lin, and H. Yang, Nano Lett. 7, 3102
(2007).

3L L. Medintz, H. T. Uyeda, E. R. Goldman, and H. Mattoussi, Nature
Mater. 4, 435 (2005).

“W. J. Parak, T. Pellegrino, and C. Plank, Nanotechnology 16, R9 (2005).

SR. M. Dickson, A. B. Cubitt, R. Y. Tsien, and W. E. Moerner, Nature
(London) 388, 355 (1997).

M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman,
T. D. Harris, and L. E. Brus, Nature (London) 383, 802 (1996).

’F. Cichos, C. von Borczyskowski, and M. Orrit, Curr. Opin. Colloid In-
terface Sci. 12, 272 (2007).

8p. Frantsuzov, M. Kuno, B. Janko, and R. A. Marcus, Nat. Phys. 4, 519
(2008).

R, Verberk,-A.-Mi van/ Qijen; -and | M, Orrit, Phys:, Rev B 66,,233202


http://dx.doi.org/10.1103/PhysRevLett.72.2612
http://dx.doi.org/10.1021/nl071606p
http://dx.doi.org/10.1038/nmat1390
http://dx.doi.org/10.1038/nmat1390
http://dx.doi.org/10.1088/0957-4484/16/2/R01
http://dx.doi.org/10.1038/41048
http://dx.doi.org/10.1038/41048
http://dx.doi.org/10.1038/383802a0
http://dx.doi.org/10.1016/j.cocis.2007.07.012
http://dx.doi.org/10.1016/j.cocis.2007.07.012
http://dx.doi.org/10.1038/nphys1001
http://dx.doi.org/10.1103/PhysRevB.66.233202

012104-3 Ko et al.

(2002).

104, Issac, C. von Borczyskowski, and F. Cichos, Phys. Rev. B 71, 161302
(2005).

'J. H. Kim, K. Kyhm, S. M. Kim, and H. S. Yang, J. Appl. Phys. 101,
103108 (2007).

2x. Wang, X. Ren, K. Kahen, M. A. Hahn, M. Rajeswaran, S.
Maccagnano-Zacher, J. Silcox, G. E. Cragg, A. L. Efros, and T. D. Krauss,
Nature (London) 459, 686 (2009).

By, Biju, Y. Makita, T. Nagase, Y. Yamaoka, H. Yokoyama, Y. Baba, and
M. Ishikawa, J. Phys. Chem. B 109, 14350 (2005).

g, Mabhler, P. Spinicelli, S. Buil, X. Quelin, J. P. Hermier, and B. Duber-
tret, Nature Mater. 7, 659 (2008).

5p, Spinicelli, S. Buil, X. Quelin, B. Mahler, B. Dubertret, and J. P. Her-
mier, Phys. Rev. Lett. 102, 136801 (2009).

"F. Garcia-Santamarfa, Y. Chen, J. Vela, R. D. Schaller, J. A. Holling-
sworth, and V. 1. Klimov, Nano Lett. 9, 3482 (2009).

'7V. Fomenko and D. J. Nesbitt, Nano Lett. 8, 287 (2008).

185, Hohng and T. Ha, J. Am. Chem. Soc. 126, 1324 (2004).

Appl. Phys. Lett. 96, 012104 (2010)

UK. T. Early, K. D. McCarthy, N. I. Hammer, M. Y. Odoi, R. Tangirala, T.
Emrick, and M. D. Barnes, Nanotechnology 18, 424027 (2007).

K. T. Shimizu, W. K. Woo, B. R. Fisher, H. J. Eisler, and M. G. Bawendi,
Phys. Rev. Lett. 89, 117401 (2002).

2ly., Matsumoto, R. Kanemoto, T. Itoh, S. Nakanishi, M. Ishikawa, and V.
Biju, J. Phys. Chem. C 112, 1345 (2008).

2C. T. Yuan, P. Yu, and J. Tang, Appl. Phys. Lett. 94, 243108 (2009).

3y, Chen, J. Vela, H. Htoon, J. L. Casson, D. J. Werder, D. A. Bussian, V.
1. Klimov, and J. A. Hollingsworth, J. Am. Chem. Soc. 130, 5026 (2008).

*D. Gerion, F. Pinaud, S. C. Williams, W. J. Parak, D. Zanchet, S. Weiss,
and A. P. Alivisatos, J. Phys. Chem. B 105, 8861 (2001).

BN, C. Stellwagen, C. Gelfi, and P. G. Righetti, Biopolymers 54, 137
(2000).

p, Serwer, Electrophoresis 4, 375 (1983).

The Agarose Monograph, Marine Colloids Division, edited by M. C.
Womer (FMC Corporation, Rockland, ME, 1982).

%], Tang and R. A. Marcus, Phys. Rev. Lett. 95, 107401 (2005).


http://dx.doi.org/10.1103/PhysRevB.71.161302
http://dx.doi.org/10.1063/1.2736342
http://dx.doi.org/10.1038/nature08072
http://dx.doi.org/10.1021/jp0526187
http://dx.doi.org/10.1038/nmat2222
http://dx.doi.org/10.1103/PhysRevLett.102.136801
http://dx.doi.org/10.1021/nl901681d
http://dx.doi.org/10.1021/nl0726609
http://dx.doi.org/10.1021/ja039686w
http://dx.doi.org/10.1088/0957-4484/18/42/424027
http://dx.doi.org/10.1103/PhysRevLett.89.117401
http://dx.doi.org/10.1021/jp076659+
http://dx.doi.org/10.1063/1.3154551
http://dx.doi.org/10.1021/ja711379k
http://dx.doi.org/10.1021/jp0105488
http://dx.doi.org/10.1002/1097-0282(200008)54:2<137::AID-BIP6>3.0.CO;2-I
http://dx.doi.org/10.1002/elps.1150040602
http://dx.doi.org/10.1103/PhysRevLett.95.107401

