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Photoluminescence Properties of the CdSe Quantum Dots Accompanied with Rotation of
the Defocused Wide-Field Fluorescence Images
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By tracking the dynamics of the emitting field of single CdSe/ZnS core—shell quantum dots (QDs), the
defocused image (DI), i.e., emission pattern of some QDs was observed to rotate after blinking-off periods in
our previous paper. To gain insight into this phenomenon, here we have extended the observation time to
350 s and traced the DIs of a number of individual QDs under different environments. It has been found that
the “active” QDs (of which the DI changes) blink less frequently than the “normal” QDs and remain dark
most of the observation time. Upon illumination in air, the occurrence probability of the DI rotation in the CdSe
core QDs was observed to be as high as 18%. For those CdSe QDs passivated with ZnS shells, the occurrence
probability dropped to 3%. When they were protected further by the PVA or PMMA film, the probability
dropped to as low as ~5%o. We propose that the surface defects of the QDs could form a type of carrier
traps, which may influence the electron cloud and lead to a relatively high occurring probability of the “self-
rotation” of the DI. Further, it seems that the surface defects could affect the recapture of the ejected carrier

of the QDs and result in a longer mean off-time for the “active” QDs.

Introduction

Colloidal semiconductor quantum dots (QDs) with a diameter
of a few nanometers present many attractive properties such as
high photoluminescence (PL) quantum yield, tunable emission
wavelength, exceptional photostability, multiplexing capabilities,
and high photoresistance for chemical and potential biological
applications.' 3 The brightness and stability, however, are still
two key parameters to determine their practical applications.
Even under steady laser illumination, the PL of single QDs
displays strong fluctuations, with dark periods or off times. This
phenomenon called blinking is a hallmark of single fluorescent
nano-objects.*8 It limits the brightness and visibility of QDs,
and thus their potential applications.’ The mechanism of blinking
is still an open problem. The most popular model that describes
blinking in single QDs was developed by Efros and Rosen,'”
in which the fluorescence intermittency of QDs is usually
interpreted in terms of a photoinduced ionization process which
leads to a charged QD. The free carrier in the QD can effectively
quench the emission by a nonradiative Auger process. Later, a
pronounced correlation between the fluorescence intermittency
and large spectral shifting event was found. To explain the
correlation between these two phenomena, a charge-reorganiza-
tion model, which is extended from the photoionization model,
was proposed.'!

Recently, we employed the defocused imaging technique
based on the wide-field fluorescence microscope to observe the
space-distribution of the emitting field of single CdSe/ZnS core/
shell QDs directly.'? As this technique is based on the electron
transition dipole approximation and the fact that the dipole
radiation exhibits an angular anisotropy,'? the spatial distribution
of the emitting field (defocused image) and the deduced
polarization characteristic therefore not only provides the
information on the geometric structure symmetry of the single
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QD but also reflects the symmetry of the electron cloud (i.e.,
wave statistic function) in each QD.'* By tracking the dynamics
of the emitting field of single QDs, the defocused image (DI),
i.e., emission pattern of some QDs was observed to rotate after
blinking-off periods. We attributed this change as a “self-
rotation” of the electron cloud around the “dark axis” (non-
emitting axis) of the QDs. This is direct evidence not only for
the photoionization model that describes blinking in semicon-
ductor QDs but also for its extended charge-reorganization
model that describes the correlation between blinking and large
spectral shifting. However, our previous study was preliminary.
More detailed investigations are necessary for understanding
the physical mechanism underlying the observed phenomenon.
On the basis of the previous results, we explore here the
difference between the “active” QDs (of which the DI changes
after blinking-off periods during the observation time) and
“normal” QDs (of which the DI remains unchanged). It is found
that the “active” QDs blink less frequently and remain dark most
of the observation time. The occurrence probability of the “self-
rotation” of DI depends on the immediate environment of the
QDs. We propose that when the QDs are illuminated, oxygen
in the immediate environments could corrode the surface of the
core and induce surface defects, which could perform as a type
of trap. The surface defect traps may influence the electron cloud
and result in an easier occurrence of “self-rotation” of DI. In
addition, the surface defect seems likely to affect the recapture
of the ejected carrier and quench the emission of the QDs, which
leads to a longer mean off-time for those QDs with DI rotation
accompanied after blinking-off periods than those without. On
the other hand, the irreversible photobleaching caused by the
photooxidation of the QDs leads to a much faster drop of PL
for the QDs (especially those without passivating shells)
illuminated in air than in the polymethyl methacrylate (PMMA)
or polyvinyl alcohol (PVA) film.

© 2010 American Chemical Society

Published on Web 07/27/2010



13428 J. Phys. Chem. C, Vol. 114, No. 32, 2010

Sample 1# Sample 2# Sample 3# Sample 4#
/CdSe/ZnS QD PVA film PMMA film CdSe core QD
9000000 0 0 0 0000
cover slide cover slide cover slide cover slide

() (b) © )

Figure 1. Schematic diagrams of four samples. QDs are fixed (a, d)
between the slide (the refractive index n = 1.458) and air (n = 1.0),
(b) between the slide (n = 1.458) and the PVA film (n = 1.55), and
(c) between the slide and the PMMA film (n = 1.5), respectively.

Experimental Methods

As the immediate surroundings (local environment) are very
important in determining the PL properties of QDs,!>!® we
fabricated four types of samples to provide different environ-
ments. The CdSe core and CdSe/ZnS core—shell QDs have been
obtained from NNC Laboratories, of which the typical transmis-
sion electron microscopy (TEM) images, size distribution,
absorption, and PL spectra can be found in Figure S1 (Sup-
porting Information). Figure 1 depicts the schematic diagrams
and the structural parameters of the samples. The detailed
fabrication procedure for samples 1 and 4 are described in ref
12. The CdSe/ZnS core—shell and CdSe core QDs were
uniformly distributed on the slides by capillary force. Sample
2 was obtained by spin-coating a ~200 nm thick PVA film on
sample 1. For sample 3, the PVA film was substituted by the
PMMA film. Through these procedures, four different environ-
ments for QDs were obtained, as shown in Figure 1.

The details for our experimental setup are similar to what
are shown in ref 12. In short, the samples were excited by a
diode-pumped solid-state laser (532 nm, 100 W/cm?, Coherent)
that is directed through a Zeiss 100x/1.4NA oil immersion
objective. A half wave plate was inserted into the incident circuit
to rotate the polarization of the excitation with respect to the
laboratory reference system. Less than 10 mW of laser power
was focused to a 20 um diameter illumination spot on the sample
substrate. With a long pass filter to block the excitation light in
the detection path, the PL from QDs was collected by the same
objective and detected with an intensified charge-coupled device
(CCD) (Carl Zeiss) camera, as shown in Figure 2a. We adjusted
the image focusing by stepwise moving the objective until we
achieved diffraction-limited images of the QDs. Next, the
position of the objective was moved by around —1.2 ym toward
the sample for image defocusing. All the fluorescence images
were recorded at room temperature. The raw data were collected
in a series of consecutive images. The exposure time for each
image was set to be 300 ms in order to obtain enough signal-
to-noise ratio of the PL intensity. The analysis program then
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retrieves the intensity-time emission trajectories for all the
chosen QDs, wherein each data point represents the averaged
PL intensity in one selected area. The background intensity was
determined locally around each monitored QD. The photosta-
bility measurement was conducted in a home-built grating
spectrometer, through which the PL signal was continuously
recorded by fixing the wavelength at 590 nm.

The program used to simulate DIs is based on the multidi-
mensional dipole model developed by Enderlein and co-
workers.'3!7 The orientation of the dipole system with respect
to the laboratory system is sketched in Figure 2b. As shown,
(X, Y, Z) and (x, y, 7) indicate the coordinates of the laboratory
and dipole systems, respectively. The Z axis is the optical axis.
Three Euler angles (Q2, W, w) are defined to establish the
relationship between them. Here we apply a modified 2D model
with an elliptical parameter to describe the DIs of QDs'® (Figure
S2, Supporting Information). As can be seen, the orientation of
the z-axis with regard to the lab system is determined by angles
Q and W. The x and y directions are two “bright axes” for either
symmetric or asymmetric structure.'® The emissions along x and
y axes are correlated in the modified 2D model and the z
direction is the “dark axis” of the structure, which does not
couple to the light field."

Results and Discussion

To understand the underlying physics of the DI-rotating
phenomenon in QDs, we extended the observation time to
350 s and traced the DIs of a number of individual QDs in
four prepared samples. The time traces of the PL intensity
and corresponding emission patterns of typical states with
DI rotation from four representative “active” QDs (one
example in each sample) are shown in Figure 3, which
describes the phenomenology of blinking and emission
pattern rotating during the tracing time. Parts a, b, c, and d
of Figure 3 are the data from samples 1, 2, 3, and 4
respectively, in which the bottom panel is a magnified region
of the time trace. Each data point represents one exposure.
Figure 4 demonstrates the time traces of the PL intensity of
four typical “normal” QDs (one example in each sample)
without DI rotation observed during the tracking time.
Comparing the results shown in Figures 3 and 4, the four
“active” QDs appear to be emitting significantly less often
than the four “normal” QDs and remain dark most of the
time. The DI of the “active” QDs are shown in the insets of
Figure 3a—d, in which the top images are the detected states
and bottom the corresponding theoretical simulations. As we

@
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Figure 2. (a) Schematic of the defocused wide-field fluorescence imaging system. (b) Sketch of the simulation model to define the emission from a QD.
The 3D orientation of the QD’s reference system (x, y, z) with respect to the lab system (X, Y, Z) is determined by three angles Q, W, and .
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Figure 3. Time traces of the PL intensity of four representative “active” QDs: (a) for QD-a in sample 1, (b) for QD-b in sample 2, (c) for QD-c
in sample 3, and (d) for QD-d in sample 4. Each dot corresponds to one exposure (300 ms). The blue dashed lines represent the local background
obtained from the immediate surroundings of the monitored QDs. The bottom panel in parts a—d indicates a magnified region of the time trace, in
which the inset plots the DI of some typical states for each monitored QD. In each group, the top image indicates the detected state and the bottom
the simulated one. The thresholds to separate bright and dark periods are marked by the red dashed straight lines in the top panel.
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Figure 4. Time traces of the PL intensity of four “normal” QDs from
four prepared samples. The insets sketch the configuration of the
measured samples. The orange, red, magenta, and blue dashed lines
mark the threshold to separate bright and dark periods.

have analyzed in our previous paper,'? the temperature of
the QD’s environment is not close to its glassy transition
temperature 7, and the “dark axis” determined by the crystal
structure thus cannot rotate mechanically. Therefore, we can
fix angles Q and W during the simulation as the “dark axis”
is determined by Q and W (refer to Figure 2b). The change
of w, which represents the angle between the two coordinates

(x, ¥) and (X, Y), is responsible for the rotation of DI. For
example, during the tracking of QD-a as shown in Figure
3a, w changes from 63° to 130° between states 1 and 2. It is
worth noting that the signal with respect to the background
is not so high although the exposure time was as long as
300 ms. We attribute this relatively low signal-to-noise ratio
to the relatively low efficient detection of our apparatus and/
or the long excitation wavelength (532 nm), which is close
to the emission wavelength (598 nm). However, the signal
demonstrated in Figures 3 and 4 can be clearly distinguished
from the background and the DI-rotating phenomenon is
apparent.

In principle, plotting both on-time and off-time probability
distribution (P(7,,), P(7,) enables us to extract the fluctua-
tion dynamics of fluorescence intermittency. We traced the
emission of 100 individual QDs and analyzed the data by
means of a well-defined threshold, which separates bright
and dark periods. Histograms for the duration of bright and
dark periods were constructed for each individual QD and
checked to be almost independent of the chosen threshold.
Figure 5 summarizes the on-time and off-time probability
distributions for 50 “normal” and 50 “active” QDs from
sample 1. Although the probability distributions for the on-
time and off-time depend on the chosen threshold value to
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Figure 5. (a) Probability distributions of the on- and off-time for 50 “active” and 50 “normal” QDs in sample 1. (b) The mean on- and off-time

for the two types of QDs.

separate bright and dark states in some degree which leads
to an exponent spread,? the difference of P(7,,) and P(7,g)
between the “active” and “normal” QDs is, however, too
distinct to be influenced in our case. Obviously, both the on-
time and off-time probability distributions of the “active” QDs
are smaller than those of the “normal” ones when the time
period is shorter than 50 s. When the time period is longer
than 130 s, there are still considerable off-events for the
“active” QDs whereas there are almost none for the “normal”
QDs. These two phenomena indicate that the “active” QDs
blink less frequently than the “normal” ones and they remain
dark for longer periods. We can thus classify the blinking
behaviors of the single QDs into two groups: (1) infrequent
fluorescence blinking as shown in Figure 3 and (2) frequent
fluorescence blinking as shown in Figure 4. To compare the
difference between the “active” and “normal” QDs further,
we calculated their mean on-time and mean off-time as in
ref 21:

> P(An)- At

> P(A)

where At is the length of the on- or off-time and P(Ar) is the
appearance probability at Az. As shown in Figure 5b, the
mean off-time of the “active” QDs is obviously longer than
that of the “normal” QDs by a factor of 4, indicating that
the “active” QDs remain dark most of the observation time.
The difference of the mean on-time between the “active” and
“normal” QDs is, however, considerably small, suggesting
that the distinction between them stems mainly from the off-
periods.

As the environment influences the emission of QDs signifi-
cantly,'>!® we investigated the dependence of the occurring
probability of the DI rotation on the immediate environments.
By tracking the DI of 1500 single core—shell QDs in sample

mean =

1, it was found that more than 3% of them exhibited DI rotation.
Nevertheless, the probability decreases to be at the order of
magnitude of 5% in samples 2 and sample 3 when the
core—shell QDs were protected by the PVA or PMMA film
upon illumination. This decreasing trend led us to investigate
the DI-rotating phenomenon in those QDs without passivating
shells. It was found that more than 18% of these QDs exhibited
DI rotation. We then monitored the fluorescence intensity of
an ensemble of QDs as a function of time, as shown in Figure
6a. It is observed that the PL was considerably stable when the
core—shell QDs were protected by the PVA or PMMA film
even when the observation time was as long as 800 s. Upon
illumination under air, only ~42% of the PL left for the
core—shell QDs and ~10% left for the core QDs after 800 s.
When we blocked the laser light periodically, the fluorescence
intensity basically remained the same as its last value before
the block from which it decreases again under light illumination,
as shown by the black line in Figure 6b. From this result, we
can deduce that the drop of the PL under air is irreversible.

The most likely reason for the decrease of the PL is due to
photobleaching, which could be induced by the photochemistry
reaction between the QDs and air.' Upon illumination in air,
the surfaces of the CdSe core QDs are apt to be oxidized by
oxygen, which leads to a fast drop of PL. When the surfaces of
the CdSe QDs are passivated by ZnS shells, due to the lattice
mismatch between the CdSe core and the passivating ZnS layer,
the ZnS layer is not a closed epitaxial layer but rather a layer
with grain boundaries. At these boundaries, oxygen can still
diffuse to the CdSe core inside the ZnS shell upon illumination
and induce photooxidation.”? The main oxidation product was
suggested to be Se0,.2*** According to the conclusion from ref
16, 21, 25, and 26, the photooxidation of QDs influences their
emission behavior significantly. During the process of photo-
oxidation, photocorrosion may have taken place as the photo-
bleaching shown in Figure 6b is irreversible.'® Photocorrosion
could create surface defects which likely enhance the nonra-
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Figure 6. (a) Time traces of the PL intensity of ensemble CdSe/ZnS

and CdSe core QDs under different environments. (b) Time traces of

the PL intensity from the core—shell QDs recorded under air with

constant illumination (red line) and periodic illumination (black line).

The dashed magenta lines are guides to the eyes.

diative energy transfer in excited QDs and finally lead to
irreversible photobleaching.?’

As we have analyzed in our previous paper,'? one possibility
for the rotation of the DIs would be due to the change of the
electron cloud around the “dark axis” of the QDs. The surface
of QDs cannot only play an important role in determining their
optical properties,?®?° but it also influences their electron clouds.
When the surface of the core is photocorroded, the generated
surface defects could possibly influence the distribution of the
electron cloud. Further, the defects are likely to be inhomoge-
neous on the surface of the QDs, the chance for the distribution
of the electron cloud to be modified would be increased. During
the illumination, the surface defects would be time-dependent
whereby the electron cloud could possibly be modified continu-
ously. As the surfaces of the CdSe core QDs without passivating
shells are much easier to photocorrode by oxygen than those
of the CdSe/ZnS core—shell QDs, its occurrence probability of
DI rotation is remarkably larger upon illumination in air. When
the core—shell QDs are protected by the PMMA or PVA film,
the occurrence probability drops to ~5%o (it is not zero as the
oxygen is still able to diffuse into the QDs through the poriferous
PMMA or PVA film). One thing that needs to be noted is that
not all the QDs show DI rotation before they are completely
photobleached. These phenomena suggest that the activity of
the DI rotation may be related to not only the number, but also
the distribution of the surface defect traps. The distribution of the
surface defects is likely to be related to the rate of photooxi-
dation. When the photooxidation is very fast (such as in the
case of the core QDs), the surface defects around the core of
the QDs likely show large inhomogeneity and possibly result
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in a large occurrence probability of DI rotation. The quantitative
analysis of the influence of the phtooxidation rate is still under
investigation. Another interesting phenomenon we observed in
the experiment is that the occurrence probability of DI rotation
decreased with the illumination time. This could be possible
because the “active” QDs are easier to photobleach than the
“normal” ones and their number decreases faster.

The most popular model that describes blinking in semicon-
ductor QDs was developed by Efros and Rosen,'° which is called
the photoionization model. They attribute the photoluminescence
(PL) blinking to a random switching between emitting on and
nonemitting off states due to the ionization of QDs under light
excitation. When the QD is charged through Auger ionization,
it becomes dark. The transition from a dark to a bright QD then
occurs through recapture of the initial carrier back into the QD
core or through capture of another carrier from nearby traps to
neutralize the charged QD core. On the basis of this model, we
assume that the surface defects could act as an additional class
of trap states. One possibility would be that an Auger carrier is
transferred from the core of the QD to the surface defect traps,
thereby generating a charged QD. Neutralization of the QD
might occur by recapture of the initial carrier back into the QD
core or through capture of another carrier from nearby traps.
With more surface defect traps, the chance for the trapped carrier
to return to the core would be decreased and the dark periods
of the QDs would be longer. Also the tunneling rate for
recombination of an ejected charge carrier would be influenced
by the surface defects. Obviously, the surface defect traps would
influence the neutralization more significantly than the charging.
Therefore, the mean off-time would be longer for those QDs
with DI rotation (Figure 5b).

Conclusions

In summary, by tracking the QDs with/without the ac-
companying DI rotation phenomenon, we found that the “active”
QDs blink less frequently than the “normal” QDs and remain
off most of the observation time. Upon illumination in air, the
occurrence probability of the DI rotation for the CdSe core QDs
without passivating shells was as high as 18%. It dropped to
~3% when the cores are passivated by the ZnS shells. The
probability dropped further to as low as ~5%o when the
core—shell QDs were protected by the PVA or PMMA film.
We proposed that the surface defects could act as a kind of
trap. These surface defect traps could influence the electron
cloud and probably cause the DI to rotate. As the CdSe core
QDs without passivating shells are much easier to photocorrode
by oxygen than the CdSe/ZnS core—shell QDs upon illumina-
tion, the probability for DI rotation to occur would be much
higher. Furthermore, the surface defect seems to be able to affect
the recapture of the ejected carrier and quench the emission of
the QDs, which result in a longer mean off-time for the “active”
QDs. On the other hand, the photooxidation could cause an
irreversible photobleaching of the QDs whereby the drop of
the PL in air is much faster than that in the PMMA or PVA
film.
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