PHYSICAL REVIEW B, VOLUME 63, 205316

Blinking statistics in single semiconductor nanocrystal quantum dots
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Statistical studies of fluorescence intermittency in single CdSe nanocrystal quantuf@Bis reveal a
temperature-independent power-law distribution in the histograomafndoff times—the time periods before
the QD turns from emitting to nonemittingpright to dark and vice versa. Every QD shows a similar power-
law behavior for theoff-time distribution regardless of temperature, excitation intensity, surface morphology or
size. We propose a dynamic model of tunneling between core and trapped charged states to explain the
universal power-law statistics of the blinking events observed. diréme probability distributions show
evidence of both a tunneling mechanism similar to @fetime statistics and a secondary, photoinduced
process that leads to a truncation of the power law. The same blinking statistics are also observed for single
CdTe nanocrystal QD’s.
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Power-law statistics are indicative of complex, long-rangeQD, but proves to be incomplete to explain the transition
order. Examples of this non-exponential behavior includemechanism between a dark and bright QD.
measurements of dispersive transport in organic photorefrac- In the present work, we use a highly parallel imaging
tive glassed, momentum fluctuations in single-atomic Microscope setup to study fluorescence intermittency in
system and conformation dynamics of protein foldifg. single CdSe, CdSe/zZnS core-shell, and CdTe semiconductor

Fluorescence intermittency or blinking, also observed innanocrystals, providing insight into the mechanism of single

. D blinking dynamics. The statistics of botin- and off-
fluorescent polymers, green fluorescent proteins, porous

) ime distributions are obtained under varying temperature,
nanoparticles, surface-enhanced raman spectroscopy and Qlcitation intensity, size, and surface morphology conditions.

single dye molecule;” refers to the fluorescence emission Although similar experiments have been conducted earlier,
behavior switching fronon to off and vice versa on time the analysis of the data did not include the framework of
scales ranging from submillisecond to hours underpower-law statistics, and the data sets were limited to small
continuous-wavécw) laser excitation. Although this optical numbers of single QD’s and relatively short observation
switching is observed in many different systems, the mechatimes?'*Here we show an unexpected temperature indepen-
nisms for these dynamics vary for each system. Recentlydence in the observed power-law probability distribution of
room-temperatur¢RT) fluorescence intermittency of single Off times. Furthermore, we report that tbe-time behavior
CdSe nanocrystal quantum dé@D’s) was found to exhibit aIS(_) shows a power-law component to the proba_blllty distri-
long-range statistical ord&rn this paper, we report “power bution. However, a secondary, thermally activaied and

law” statistical results within a physical framework to beain photoinduced process causes the probability distribution of
W ISt UIts with physi W 9N the ontime statistics to be truncated at the “tail” of the

the dissection of the complex mechanism for blinking in,overjaw distribution. The temperature-independent power-
single, semiconductor nanocrystal QD's. Due to their smallyy statistics observed for all the CdSe QD’s studied suggest
size (2-6 nm diametgrand ease of fabrication, nanocrystal 3 complex, yet universal, tunneling mechanism for the blink-
QD electro-optic applications have been promoted. Undering on and off process.
standing the mechanism for this blinking phenomenon may We study over 200 individual QD’s simultaneously using
help develop an area of electro-optic applications on thé& home-built, epifluorescence microscope apparatus de-
single QD level. scribed previously® Under cw laser excitatiofAr ion), the

The initial model for CdSe QD fluorescence €Mission intensity fluctuations are measured with a time

intermittency2° correlated a theoretical model for photo- €Solution of 100 ms for durations of an hour. Single-dot
darkening observed in CdSe-doped glaSseith the blink- fluorescence was acquired through an oil immersion lens
. . U : numerical aperture 1.2%or room temperature studies while
ing phenomenon under the high excitation intensity used fo

inale OD ¢ In the photodarkeni ; i emperature-dependent studies were performed in a liquid-
single Q SESC roscopy. In the photodarkening Expermenty,q;;;m, cold-finger cryostat with a long-working-distance air
Chepic et al:= described a QD with a single delocalized ;e ctive(numerical aperture 0)7A CCD detector was used

charge carrierthole or electrop as a dark QD. When a 5 cqjlect data fromall of the dots that emit light during the
charged QD absorbs a photon and creates an exciton, it bgnservation period to ensure a complete statistical treatment
comes a quasi-three-particle system. The energy transfef plinking. The CdSe QD'’s are prepared following the
from the exciton to the lone charge carrier and nonradiativenethod of Murray, Norris, and Bawertfliand protected with
relaxation of the charge carri¢r~100 p3 (Ref. 13 is pre-  zZnS overcoatintf**® while the CdTe were prepared follow-
dicted to be faster than the radiative recombination rate ofng Ref. 19.

the exciton(100 ns—1us). Therefore, within this model, a An illustrative 3000-s time-trace of fluorescence intermit-
charged QD is a dark QD. This describes the state of a dartency is shown for a CdSe/ZnS QD at RT and at 10 K in
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FIG. 1. Typical intensity time trace of Cd&nS QD fluores- g 10" | '
cence intermittency af) RT and(b) 10 K. Expanded view illus- o) : (C)
trates the similar nature of the blinking events at RT and 10 K but i 102 4
with different time scales. o 103
. . . . E 104
Figs. Xa) and Xb), respectively. A small section of the time + . .
trace is expanded to show the self-similarity and complexity 8 10° 1
of the traces on different time scales. We definedhdime 10€
(or off time) as the interval of time when no signal falls 01 1 10 100
below (or surpassesa chosen threshold intensity value. The Time Bins (s)
probability distribution is given by the histogram o or off
events of length: FIG. 2. (a) Normalizedoff-time probability distribution for one

CdSe QD(¢) and average of 39 CdSe QD'Y). Inset shows the
distribution of fitting values for the power-law exponent in the 39
CdSe QD'’s. The straight line is a best fit to the average distribution
P(t)= Et: [events of lengtht]. (1) with exponent~—1.5 (b) Averageoff-time probability distribution
for 25-A radius CdS&nS) QD at 300 K(V), 10 K (A), 30 K (©),
and 70 K(O). The « values are 1.41, 1.51, 1.37, and 1.45, respec-
tively. (c) Average off-time probability distributions for 39 Cd-
SgZnS) QD of radius 15 A,(V) and 25-A radius Cd$&nS) QD
(¢) and 25-A radius CdSe Q) at RT. Thea values are 1.54,
1.59, and 1.47, respectively.

The off-time probability distribution for a single CdSe/
ZnS QD at room temperature is shown in Figa)2 The
distribution follows a pure power law for the time regime of
our experiments{10°s):

statistical behavior indicates that the blinking statistics for
P(t)y=At"“. (2)  theoff times are insensitive to the different environments of
each dot. Kuncet al® first observed this behavior at room
temperature using conventional confocal microscopy. Due to
Most individual dots also follow a power-law probability higher signal-to-noise ratio, confocal microscopy provides a
distribution with the same value in the power-law exponentgime resolution as high as 2Q@s; however, the same prob-
(a~1.5+0.1). A histogram ofx values for individual QD’s  ability distribution is also observed with 100-ms integration
is shown in the inset of Fig.(8). The universality of this times. Initial experiments at RT show that the same blinking
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1°

statistics are observed in CdTe QD’s demonstrating that this -
power-law phenomenon is not restricted to only CdSe QD’s. 10 ‘ii;f% . ‘L
To develop a physical model from this phenomenological 10 N‘v i
s 104 y ¢
power-law behavior, we probe the temperature dependence ws| (b) T o
10°

of the blinking statistics; this dependence should provide in-
sight into the type of mechanisfttunneling vs hoppingand

the energy scales of the blinking phenomena. Qualitatively, 100
the data in Figs. (B and Xb) suggest that at low tempera-
ture the QD’s blink less and stay in tloa state for a larger
portion of the time observed. However, when we quantify
these observations by plotting tlé-time probability distri-
butions at temperatures ranging from 10 K to 300 K, as
shown in Fig. 2b), the statistics still show power-law behav-
ior regardless of temperature. Moreover, the average expo-
nents in the power-law distributions are statistically identical
for different temperature€lO K, —1.51+0.1; 30 K, —1.37
+0.1; 70 K, —1.45+-0.1; RT, —1.41+0.1). Such a seem-
ingly contradictory conclusion is, however, resolved by plot-
ting the on-time probability distribution at 10 K and RT as
shown in Fig. &). It is seen there that unlike thef-time
distribution, theontimes have a temperature dependence that
is then reflected in the raw data of Fig. 1.

W 10K, 175 W/cm?
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On-time Probability Distribution

-3
The onrtime statistics yield a power-law distribution with 10 5

the same exponefit as for the off times, but with a 10 | Voa,
temperature-dependent ‘“saturation effect” that alters the 105 o Vv‘“
long time tail of the distribution. This saturation reflects a 104 (d) o Vv A
secondary mechanism that limits the maximomtime of v
the QD. The saturation effect can be seen in tintime 107
distribution of a single QD in Figs.(d) and 3b) as a “trun- 01 ! 10 100
cation,” and in the average distribution of many single QD’s
as a downward deviation from the pure power favAt low Tim e Bins (s)
temperatures, the saturation effect sets in at longer times and
the resulting time trace shows “longén times. The exten- FIG. 3. (a) Three single QD on time probability distributions at

sion of the power-law behavior for low temperatures on this10 K, 700 W/cn#. The arrows indicate the truncation point for the
logarithmic time scale drastically changes the time trace aprobability distribution for each QD(b) Four single-QDor+time

seen in Fig. 1; i.e., fewesn-off events are observed and the Probability distributions for Cd3&nS) QD's at RT, 100 W/cry
on times are longer. (c) Averageontime probability distribution for 25-A radius Cd-

Given that the exponent for the-time power law distri- S€ZnS) QD at 300 K and 175 W/cfi(A), 10 K and 700 W/erh-
bution is nearly the same for all of our samples, then a mealY) @nd 10 K and 175 W/cfn(M). The straight line is a best-fit
sure of the average truncation poiot maximum on-timgis I|ne_ with exponent~_—l.6. (d) Averageortrtime probablllty_ distri-
possible by comparing the “average times” for different ~ Pution for 16-A radius CdS&nS) QD (A) and 25-A radius r%d'
samples keeping the same overall experimental time. We ¢ dzns QD (V_) and 25".& rad|u§ CdSe QD#) at RT, 100 W/c .

S he straight line here is a guide for the eye. The vertical lines
culate an averagen time: 312, 283, and 256 ms for the same correspond to truncation points where the power-law behavior is
CdSe/znS sample under 10 K and 175 Wicf© K and 700 estimaFt)ed t0 end P P
W/cn?, and RT and 175 W/cfrexcitation intensity, respec- '
tively. The effective truncation time can be extrapolated byalso observed here. Varying the cw average excitation power
determining the end point within the power-law distribution in the range of 100 W/cfito 3 kW/cnf at 300 and 10 K
that corresponds to the measured averagéime. In Figs. showed power-lawoff-time probability distributions with
3(c) and 3d), the vertical lines correspond to this calculatedminimal changes in the exponent value. We also compared
average truncation point indicating the crossover in time dothe off-time statistics for QD’s differing in siz€l5 vs 25 A
main from the first blinking mechanism to the other. core radiugand QD’s with and without a 6-ML shell of ZnS

The saturation effect is not observed in thi&time sta- overcoating shown in Fig.(8). Again, the results showed no
tistics on the time scale of our experiments. It is important todifference to the statistical nature of the blinkingprocess.
note that the truncation/deviation is not an artifact of theHowever, modification of the surface morphology or excita-
experimental time since the power law of th#time statis-  tion intensity does make drastic changes to dhd¢ime dis-
tics extends well beyond the truncation point of the power4ribution as shown in Figs.(8) and 3d). With reduced ex-
law distribution of theon-time statistics. citation intensity, lower temperature, or greater surface

Previous studies have shown intensity-independent offevercoating, the deviation from the power-law distribution or
time behaviof* Intensity independeruff-time statistics are  “saturation” sets in at longer wait times and the power-law
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distribution for theorn-time becomes more evident. The sta-
tistical behavior observed is consistent with previous
work:>1* however, the separation of the power-law statistics
from saturation effects clearly demonstrates that two separate
mechanisms govern the blinking of CdSe QD'’s. 0 D 40 60 &0 {00 Dm0

The universality of theff-time statistics for all the QD’s Time (100 ms) (@)
indicates inherent, fundamental physics. Furthermore, since

Counts

the power-law statistics are temperature and excitation inten- 100
sity independent, the process that couples a dark state to a 10+
bright state is a tunneling process and not photoassisted. 102

Spectral information can also aid in modeling this blinking
phenomena. At cryogenic temperatures, spectrally-resolved
emission measurements showed a correlation between blink-
ing and spectral shifting® When spectral shifts occur, the

10 %
104 - vn

On/Off-time Probability Distribution

10 v IR s
transition energy of the QD system changes as a function of 10% 'v' oy
time; therefore, the tunneling mechanism would occur with i
changing bright-state energies. Due to large variations in the 107
transition energyas large as 60 me¥Ref. 23] of the bright 01 L . 10 100 (b)
state, we propose a theoretical framework for this system Time (s)

using a random-walk—first-passage-time métef a dark

trap state that shifts into resonance with the excited state.  FIG. 4. (a) Time trace of a single CdTe QD at room tempera-
In this random-walk model, we construct a dynamic phasedure, 125 W/crA. (b) The probability distribution of thentime (V)

space consisting of the bright and dark states. ®heoff  andoff time (A) for CdTe QD’s at room temperature. The best-fit

blinking takes place according to a random walk through thidine shows a power-law behavior with exponent-1.6.

phase space as the states shift into resonance. The observedAlthough we suggest this simple random-walk model
power-law time dependence can be understood as follows: Bp|y as a guide to explore this physical system, it neverthe-
the system has beenff for a long time, the system is deep less explains the general properties observed. dhtime
within the charged statéoff region of the dynamic phase statistics are temperature and intensity independent because
space and is unlikely to enter the neutral stateregion of  although the hopping rate of the random walker changes, the
the phase space. On the other hand, close to the transiti@tatistics of returning to resonance between the trap and ex-
point, the system would interchange between the chargegited state does not. In addition, size and surface morphology
and neutral states rapidly. As the simplest random-walilo not play a significant role in this model as long as a trap
model, we propose an illustrative example of a one-State is energetically accessible to the intrinsic excited state.

dimensional phase space with a single trap state that is Wall]:_lurtherr]_expegmler_wrtal and ttheoretic(zjil vtvotrk(ijs neegledttﬁ com-
dering up and down in energy. At each crossing of the trafct€ this model. Temperature- and state-dependent hopping

and intrinsic excited state energies, the QD changes frorﬁ"’\tes as well as a higher-dimension random-walk phase space

dark to bright or bright to dark. Since the transition fram and multiple transition states may need to be included.

10 off is a t ture-ind dent t i it The magnitude of saturation of thentime power-law
0 OIT1S a temperature-independent tuNNeling process, It Caigyiy tion s dependent on the QD observed as shown in
only occur when the trap state and excited state of the Q

. X _X'Figs. 3a) and 3b). In Fig. 3b), the arrows indicate then

are in resonance. More precisely, we can apply a semidigsme truncation point for four different QD's under the same
crete model in which a temperature-dependent hopping prasycitation intensity at RT. Qualitatively, we can describe and
cess is used to model the discrete-time random walk whergnderstand the changes as a result of the interaction between
this semidiscrete hopping process is related to the movemeg{e dynamic dark and bright states modeled earlier. As the
and creation/annihilation of trapped charges surrounding thexcitation intensity or thermal energy is reduced, the hopping
QD core?****The minimum hopping time of the surround- rate of the random walker slows down and the critical num-
ing charge environment gives the minimum time-scale forber of hopping cycles for the saturation to occur takes longer
each step of the random walk to occur. This simple discretewithin our experimental time. Surface modification in the
time random-walk model for blinking immediately gives the form of ZnS overcoating also extends the power-law distri-
characteristic power-law probability distribution off times  bution for theon times. This modification should not change
with a power-law exponent of 1.52° It is important to note  the hopping rate of the random walker but rather decrease the
that the intrinsic hopping time is likely to be orders of mag- number of trap states on the surface. A mechanism such as
nitude faster than our experimental binning resolut{®@0  photoassisted ejection of a charge due to Auger ionization
ms). The intrinsic hopping time probably depends on tem-may be responsible for this saturation effect. Recent results
perature. This temperature dependence, however, would onpn CdTe QD’s(Fig. 4) show that the power-law behavior, its

be reflected in experiments that could probe time scales oaxponent, and then-time phenomenology is reproduced, in-
the order of the hopping times, before power-law statisticslicating that the effects observed are not unique to the par-
set in and beyond the reach of our experimental time resoluticulars of CdSe QD'’s, but rather reflect more universal un-
tion. derlying physics of nanocrystal QD’s.
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