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Size Effects and Breakdown of the Power-Law Blinking Statistics of CdSe Nanorodls
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In this study, the dependence of sample size and light intensity on the fluorescence intermittency of
semiconductor nanorods is investigated. We present a model with diffusion-controlled electron-transfer reactions
involving anomalous diffusion in energy configuration space. This model leads to a general farfhula
exp[—(I't)"] for the temporal behavior of blinking statistics, whenendn are related to the time dependence

of the spectral diffusion. We reanalyze the experimental data of the long-time bending tail of CdSe nanorods
and elucidate the size effects of the bending rates and activation energy.

Introduction CdSe nanorods (NRS)as an example to demonstrate interesting
. L . . ) temporal behavior and show that the data are consistent with
Developments in nanofabrication of low-dimension materials o+ model predictions. In addition, the blinking statistics of NRs

such as quantum dots (QDs), nanorods (NRs), and nanotubes yarious sizes and light intensities will be analyzed to extract
have generated much interest in scientific reseafdhtensive useful physical quantities not reported previously.

experimental studies have been made to explore the photo-  pjgsion-Controlled Electron Transfer Involving Anoma-

physical properties, such as band-edge exciton Statesd lous Diffusion. Here we extend the diffusion-controlled electron-
fluorescence intermittency (or blinking) of single JD%' and transfer (DCET) modé?2: using a more-general anomalous

NRs?® Blinking in single QDs or NRs under continual light it sion. As suggested by experimental observation, there is a
illumination occurs due to transitions between a dark state a”dstrong correlation between blinking and spectral diffusion as

a light state, invo!ving electron-transfer reactions. Unlike the anifested by energy fluctuation for the light and dark states.
conventional studies of the electron-transfer (ET) processes of\ye consider the following anomalous diffusion involving the

an ensemble system where the fluorescence decay is oftengactions coordinat® in an energy configuration space
characterized by a single-exponential decay, the probability

distribution of the waiting time for either “on” or “off” events, i) a0 0 .

or so-called blinking statistics, in single-particle or single- ﬁG(Q’ Qi _@(DZ(t)aTg+ Dy(t) Q) GR QY (@)
molecule experiments often follows nonexponential decay. The

dark state is believed to represent a hole residing in the core of The Green function below can be shown to satisfy eq 1
a QD, whereas the electron is probably trapped in surface states.

A QD in the charged separated state that appears dark is likely . 1 (Q— QAW
due to rapid Auger relaxation process; however, the light state CRQAYV="———ep-———F—5 | @
: V2AL(1) 2A,(1)
represents exciton states that decay to the ground state by 2
emitting a photon. If the transition rate between the dark and with time-dependent drift and diffusion coefficients as
light states were a constant in time, then the blinking statistics
would have followed a single-exponential decay. However, in d
most single-QD experiments, the blinking statistics is found to Dy(H) = — 4 InROU
be nonexponenti&f; 16
Since the early work by Wang and WolynEs;onsiderable D,(t) = D, (t) A,(t) + 1d AY) 3)
2dt

theoretical understanding of blinking phenomena has been
advanced. Supplementing other theoretical efforts to improve o ) )
physical insight into the power-law blinking phenom@raé-21 The above diffusion equation ar_1d t_he Green function are more
we present here an improved model to explain the cause of thedeneral than the one used earlier in the DCET métRiput
breakdown of the poser law and the long bending tails observedthe Laplace transform @(t) is still related to the Green function
in experiments recentBf In this study, we investigate the at the sinkQc
temporal behavior of blinking statistics for CdSe NRs and the AG(Q. Q. 9)
size dependence of the bending rate. On the basis of this P(s) = o e (4)
improved model involving diffusion-controlled reactions with 1+ AGQ., Qs 9
anomalous diffusion, we derive a general formula that prescribes
a short-time power law and a crossover to a stretched expo-whereA is proportional to the electronic coupling for the charge
nential decay at later times. We will use the blinking data of transfer.
If Q(t) represents an Ornsteitlenbeck procegsthat occurs
T Part of the “Sheng Hsien Lin Festschrift". in a Debye medium, then one has the second moméit=
*E-mail: jautang@gate.sinica.edu.tw. <(Q(t) — <Q(t)>)2 > or Dz — exp(-2t/ry)d0 t and the
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first moment<Q(t)> — <Q(0)> = <Q(0)> [exp(—t/te) — 1] TABLE 1: Fitted Decay Time Constant I' ~* for Both On
0 t. The blinking statistic®.r(t) for the on events oPy(t) for and Off Events at| = 210 W/cn? for Seven NR Samples of
the off events is shown to follow an inverse power-law statistics Y210Us Size$

with an exponent/, and a long-time exponential tail &s R L Ton 1 () Lot (s)
(nm) (nm) myn=1.35,n5n=0.85 myr = 1.10,nex = 0.30

P, () Ot ¥ exp[-T1] NR1 170 18 0.83 2.29

NR2 1.75 25 0.52 1.75

1. =E.. /[2k.T 5 NR3 1.70 28 0.65 1.59

= Eanl2kg ®) MR4 260 18 1.59 153

Tk is the bending rate for the tait is the diffusion correlation mg‘g g'gg gg g'gg 8'?3

time, Eaon= (A + AG®)%/44 is the activation energy for forward g7 345 34 0.92 0.47

ET andEaof = (A — AG®)?%/44 for reverse ETAG? is the free- _

energy gap, and is the reorganization energy. 3The error is about 10% fdFo, ! and about 25% foF o .

We consider here a non-Debye response for the energy
fluctuations with KohlrauschWilliams—Watts (KWW) func- (a)
tion,2® we have F

0

2

Ag(t) = Ag(0)[1 — exp(=(7)")] ~ Ag()(t)" (6a)

log10(P(t))
&

and

1—A(t) =1—exp(~(tr)) ~ (tr)”  (6b)

It leads to a time-dependent diffusion constant witft) [J t #

and <Q(t)> — <Q(0)> O t¥ at short times. For such anomalous
diffusion, we obtained the following temporal behavior for the
blinking statisticsP(t) as

log10 ( P(t) )

P(t) O (t/r) ™2 exp(—(I't)* ™)

Ot " exp(Tt)") )

showing an inverse power law with an exponent 2 — u/2 (b) 04
and an exponent for the stretched exponential with= 2v —

u. Equation 7 is the central result of this work that describes

the crossover for a power law with an exponertb a stretched
exponential decay with an exponemtThe exponent value®

andn are shown to be related to the temporal behavior for the 2
first and second moments in eq 6. Although a power law with

an m different from?3/, was obtained in our previous repéft, =
the crossover to a stretched exponential with an expamesgis B
not treated. The above general formula, derived in eq 7, is the £
core result of the present work and has not been addressec 8 4%

previously. For normal diffusionm = 3/, n = 1, and eq 7
reduces to eq 5.
Although we used KWW function, which was used com-

1000 Wicm?

| -
monly to describe the dielectric relaxation of polymers, we did b
not necessarily mean that anomalous diffusion in NRs for energy i : —_— —_— A —
fluctuations is caused by the same dielectric relaxation mech- -1.0 -0.5 0.0 0.5 1.0 15
anism as that in polymers. The KWW-type behavior simply log10 (t)

means a wide distribution in the spectral density of energy
fluctuations. Ineq 1, we considere_d a decoupled 1D reaction. samples NR5 (too) and NR7 (bottom) in a lot with fitted
Such a description for light-state blinking represents areduced solidpcurves. Tgeai)tted parame(ters arg Iistedﬁlggl'e?ble 1. The bending
equation from a more-general treatment involving the ground gy for py(t) is far from single-exponential and can be best fitted using
state and the photoexcited statés shown by us previousk, t™ exp[—([1)7. (b) Log—log plot of Por(t) and the fitted curve for
due to fast population recycling between these two states of asample NR4 at two light intensities, showing more-pronounced bending
light QD, the effective diffusion correlation time has light- at a higher intensity. The time scale is in seconds.
intensity dependence. In contrast, for the dark state with an
electron trapped in surface states, the waiting time distribution . i )
is insensitive to change of light intensity. from a single exponential. Here we reane}lyze.thew data based
Analysis of the Blinking Statistics for CdSe Nanorodswe ~ ©on our model and formulas presented in this work. In our
now proceed to analyze the experimental data of CdSe nanorodgnalysis using eq 7 withie(t) 0 t™" exp[—(I" 1)7], we first
using eq 8. As an example of the application of this model, we determinedn of the power-law dependence for all samples by
used the data from the recent work by Wang etah their extracting from some data points at very-short times. Qnce
report, the blinking statistics data were fitted directly assuming and the proportional constant of eq 7 were obtained, the full-
P(t) O t™ exp(-Tt) with a single-exponential tail. Such an range data of log[P(t)] versus log{) were analyzed. We first
approach yields poor fits to the tail especially if the tail is far chose a fixed but letT" float to determine thg? deviation for

Figure 1. (a) Blinking statisticsP(t) of the on and off events for
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TABLE 2: Fitted Decay Time I' ~ for NR4 (R = 2.6 nm,L = 18 nm) at Various Intensities with Fixed m,, = 1.35 andng, =
0.85

I (WicnP) 90 210 300 400 500 600 690 870 1000
r1(s) 1.76 1.60 1.49 1.05 1.07 0.97 0.64 0.61 0.51

all NRs, then changed and repeated the procedure to find the pronounced at h_ighe_r intensities as illqstrated in Figure 1b.
optimaln with a minimaly2. With such an optimah, we could For the normal diffusion case, one obtains from eq 5
then determine the long-time bending r&tér each NR more

accurately. The fitted” values ofPyn(t) andPog(t) atl = 210 Eaon =T 7 = # 9)
W/cn? for seven NR samples are listed in Table 1. The 2kgT 27" 77 Clog,

experimental and fitted curves Bf(t) andPy(t) for samples

NR5 and NR7 are illustrated in Figure 1a. The exponents for and from eq 8 for the anomalous diffusions

the power law oP,(t) andPqs(t) appear to be slightly different E

with mp, = 1.35 ¢0.05) andmy; = 1.10 @0.05). The long- Aon _ Non 1 Non

time tail for Por(t) yields no, = 0.85+ 0.05. The long-time tail kT (FonTon) ™ = [Tof(Tg ™+ Clog,g] (10)

of Posi(t) for the off events, however, is highly nonexponential
and can only be best described by a stretched exponential withTo analyze the size dependencelqf, eq 10 was used. The
Nott = 0.30+ 0.05. Cross sectiom,ps is proportional to NR’s physical volume. If
Because of the light-induced diffusion in light QBshe AG® U exp(-BR) and the reorganization enerdyis much
inverse of the diffusion correlation time,, increases with ~ smaller than the free-energy ga&®, then one hagaon ~
photoexcitation rate, that is, &bh = 1/ro + Cloans Wherel is (AG%?/4). O exp(—2BR). Using the values of o, for NRs of
the light intensity,oassis the optical absorption cross section, different sizes from Table 1 and for NR4 at various light
and 1o is the intrinsic time constant that is not light-induced. intensities in Table 2, we fitteflon by (a + bIV/Va)[exp(=25-

As a consequence, the bending in the tail becomes more-(R — Ra))]*"e according to eq 10, where the volurvg =
345 nn? and the radiu®, = 2.6 nm for NR4. Because of light-

(a) 3 induced spectral diffusion, the bending rate Ry(t) increases
with light intensity as shown in Figure 2a with a fit af+ bl,
I for "on"-events wherea = 0.32 &0.10) andb = 0.0015 &0.0002). In Figure
- 2b, the ratioEaon (R)/Eaon (Ra) for NRs of various sizes is
2 - fitted by C exp(—2AR) with 8 = 0.35+ 0.08 (nn1) andC =
}, - 7.9 + 2.6. According to the work by Le Thomas et &the
i . §’ NR4 exciton ground-state energy of NRs (in the inset of their Figure
P 5) appears to behave approximately as expR) with § ~
14 ‘® 0.27 nm! within the range of 5 nm. This value is close to
- *e our estimategs for AGP between the light and dark states, which
| & +%® might have similaiR dependence as the exciton ground state.
- For the off events, the long-time bending tail is characterized
P o (NRA) ~ 032 (+/-0.10) + 1.5 (+/-0.2) x 10° 3, by a highly stretched exponential and the valueBffare listed
in Table 1. As illustrated in Figure 3, appears to increase
with volume of an NR. The bending tail for the off events of
0 ' 500 ' 1000 ' 1500 QDs has not been noticed in previous reports because of the
) much-smaller physical volume for QDs than NRs. For the on
I (Wiem®) events in Figure 2a, there is volume dependencerip ¥ 1/7o
+ cloaps becauseoaps increases with volume. However, the
(b) 10‘; bending for the off events is insensitive to the changes in light

04
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4. s
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Figure 2. (a) Dependence of the on event bending faigfor sample 3

NR4 on light intensityl in W/cre. (b) Semilog plot of the ratio of the Volume (nm")

activation energ¥Ea on(R)/Eaon(Ra) Vs the radiuk for several NRs at Figure 3. Bending ratelo of the off events vs the physical volume
210 Wicnt with a fit by 7.9 expt-25R) wheres = 0.35. of seven CdSe NR samples, showing simple linear volume dependence.
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intensity. Therefore, the linear volume dependendé,gimight to understand how dielectric media affett and n for the
involve different mechanisms. The Auger constant is found to blinking statistics of NRs.

increase with the physical volume of a QD or RE€>Because

both the Auger relaxation process and the bending rate for the Acknowledgment. | am thankful for the support by National
dark NRs have similar volume dependencies, we suspect thatScience Foundation, Ahmed H. Zewail and Academia Sinica. |
such a relaxation process in a dark NR due to the excessivebenefited from helpful discussion with C. H. Crouch, and thank
hole might play a key role in causing the volume dependence her, M. Drndic, and S. Wang for kindly providing the data in

in T'or. More studies will be needed to verify our intuitive
arguments and clarify the origin for such a size effect.

Conclusions

In conclusion, we derived incg7 a general formuler™ exp[—
(T't)" for better description of blinking statistics, and reported
for the first time the characterization of the blinking statistics
of single NRs by an initial power law with a crossover to a
stretched exponential decay. These exponar@adn are shown

to be related to the first and second moments of the spectral

diffusion process. For the normal diffusion cases= %, andn

= 1, but for anomalous diffusiom andn can be different from
their ideal values. Our estimatesrof, ~ 1.35 (close td/,) for
the on events ana,, ~ 0.85 (close to 1) indicate nearly normal
diffusion for the light NRs. For the off events, however, our
finding of myz ~ 1.10 and a very smahy; ~ 0.30 indicates

their paper (ref 16) to be reanalyzed in this work.
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