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We investigate the emitting dynamics of single CdSe/ZnS core-shell quantum dots �QDs� by employing a
defocused wide-field imaging method. A rotation of the defocused images of single QDs after some blinking
events is observed, which is direct evidence of the redistribution of carriers in and around single QDs. It is
revealed that this change can be considered as a “self-rotation” of the electron cloud �i.e., wave statistic
function� around the “dark axis” of the QDs. As all the observed rotations of the emission patterns are
accompanied by blinking-off periods, we believe that the rotation of the defocused images and blinking are
correlated through redistribution of charged species in and around single QDs.
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I. INTRODUCTION

Colloidal semiconductor quantum dots �QDs� have at-
tracted much attention in the last decade due to their unique
physical properties and potential applications. A series of
photophysics phenomena, such as blinking �fluorescence
intermittency�,1 spectral jumping,2 quantum-confined Stark
effect,3 Stokes shift, etc.,4 have been observed and inter-
preted. Among them, blinking is a particularly interesting
phenomenon in the fundamental photophysical research and
it significantly influences device stability in practical appli-
cations. For example, the blinking of QDs may limit their
application in nanotechnology and life science.5 In order to
suppress blinking, it is necessary to understand the fluores-
cence dynamics of QDs, especially singles, and the underly-
ing physical mechanism. The most popular model that de-
scribes blinking in semiconductor QDs was developed by
Frantsuzov et al.,6 which is called photoionization model.
They attributed the photoluminescence �PL� blinking to a
random switching between emitting “on” and nonemitting
“off” states due to the ionization of QDs under light excita-
tion. Some work has been done to track the optical dynamics
of blinking as a function of time in order to investigate the
blinking process in detail.1,7 By measuring the fluorescence
intensity and frequency of single QDs simultaneously, a pro-
nounced correlation between fluorescence intermittency and
large spectral shifting events has been found.7 To explain the
“cause-and-effect” relationship between these two phenom-
ena, a charge-reorganization model, which is extended from
the photoionization model, was proposed. Based on the
model, the spectral shift is induced by the redistribution of
local electric fields through redistribution of charged species
in and around single QDs when they transit from dark to
bright states. However, in the process of the transition, the
carriers in and around QDs can either be redistributed or be
nonredistributed. Furthermore, the process itself and the re-
distribution of carriers are very hard to observe directly in
single QDs. Therefore, it is very difficult to obtain direct
evidence of the redistribution of local electric fields. As the
redistribution leads to a change in the electron cloud �i.e.,
wave statistic function�, direct observation of the electron

cloud of individual QDs will be able to check whether local
electric fields are redistributed.

It is well known that much information about electronic
energy levels can be retrieved from the PL of QDs.8,9 Mea-
surements involving a large number of QDs, however, are
subject to ensemble averaging, and hence important informa-
tion about single dots is lost.10 Since the appearance of the
defocused imaging technique based on the wide-field fluo-
rescence microscopy �WFFM�, direct observation of the
space distribution of the emitting field of single fluorophores
has become available. Compared with the conventional ori-
entational imaging with two crossed polarizers, the defo-
cused imaging method allows direct access to the three-
dimensional �3D� orientation of the emitters as well as their
radiation characteristics within one frame.11,12 Since this
technique is based on the electron transition dipole approxi-
mation and the fact that the dipole radiation exhibits an an-
gular anisotropy,11 the spatial distribution of the emitting
field �defocused image� and the deduced polarization charac-
teristic therefore not only provides the information on the
geometric structure symmetry of the single QD but also re-
flects the symmetry of the electron cloud in each QD.13

In this paper, we employ the defocused wide-field imag-
ing method �DWFIM� to investigate the dynamics of the
emitting field of single CdSe/ZnS core-shell QDs. The defo-
cused image, i.e., emission pattern, of some QDs is observed
to rotate after blinking-off periods, implying the redistribu-
tion of local electric fields as the defocused image reflects the
symmetry of the electron cloud. Since most blinking events
are not accompanied by this kind of rotation, it is a low-
probability event. This correlation between blinking and ro-
tation of emission patterns suggests that the local electric
fields around single QDs can possibly be reorganized when
the charged QD transits from a dark to a bright state. There-
fore, DWFIM acts as a powerful tool for investigating the
distribution of local electric fields around individual QDs.

II. EXPERIMENTAL DETAILS

We fabricated three types of samples in order to exclude
the influence of the local environment on QDs, which may
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modify the photon mode density.14 Figure 1 depicts their
schematic diagrams and the structural parameters are given
in the caption. The details of the fabrication procedure are as
follows. First, �10 �l of 10−9M solution of water-soluble
CdSe/ZnS core-shell QDs �WuHan JiaYuan QD Technol. De-
velop.� was dipped onto a microscope cover slide and then
covered by another one. The inside QDs were uniformly dis-
tributed on the slides by capillary force. After the solvent
was evaporated, two slides were separated and one of them
became sample 1. Sample 2 was obtained by spin coating an
�200-nm-thick SU8 �a negative epoxy resin from Micro-
Chem� film on sample 1. For sample 3, the SU8 film was
spin coated on the slide first and then followed by the steps
fabricating sample 1. Through these procedures, three differ-
ent environments for QDs were obtained, as shown in Fig. 1.

Defocused wide-field fluorescence images of QDs were
measured using a setup depicted in Fig. 2�a�. The WFFM is
equipped with a Zeiss 100� /1.4 NA oil-immersion objec-
tive, a long pass filter to block the excitation light in the
detection path, an intensified charge-coupled device �CCD�
�Carl Zeiss� camera, and a diode-pumped solid-state laser
�532 nm, 100 W /cm2, Coherent�. All the fluorescence im-
ages 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 larger than 100 ms in order to
obtain enough signal-to-noise ratio of the PL intensity. The
analysis program then 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. Figure 2�b� shows some typical defocused
images of QDs at a focus position of f �−1.2 �m relative to

the focal plane. The minus sign refers to the movement of the
sample toward the objective. As can be seen, most of the
diffraction patterns show dim-and-bright alternate distribu-
tion, which is not only radial but also axial. Obviously, the
emitting field of single QDs differs greatly from an ideal spot
source.

III. SIMULATION MODEL

The program used to simulate the defocused images is
based on the multidimensional dipole model developed by
Enderlein and co-workers.11,15 The orientation of the dipole
system with respect to the laboratory system is sketched in
Fig. 3�a�. As shown, �X ,Y ,Z� and �x ,y ,z� indicate the coor-
dinates of the laboratory and dipole systems, respectively.
The Z axis is the optical axis. Three Euler angles �� ,� ,��

SU8 film
cover slidecover slide

CdSe/ZnS QD

(a) (b) (c)

Sample 2#Sample 1# Sample 3#

FIG. 1. �Color online� Schematics of three samples. QDs are
fixed �a� between the slide �the refractive index n=1.458� and air
�n=1.0�, �b� between the slide �n=1.458� and the SU8 film �n
=1.6�, and �c� between the SU8 film �n=1.6� and air �n=1.0�,
respectively.
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FIG. 2. �Color online� �a� Schematic of the defocused wide-field
fluorescence imaging system. �b� Typical defocused images of the
CdSe/ZnS QDs obtained in sample 1. The picture was taken with an
exposure time of 1.5 s.
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FIG. 3. �Color online� �a� Sketch of the simulation model used
to define the emission from a QD. The 3D orientation of the QD’s
reference system �x ,y ,z� with respect to the laboratory system
�X ,Y ,Z� is determined by three angles �, �, and �. �b� Sketch of
the modified two-dimensional �2D� dipole model in the QD system.
The red thick arrow schematically exhibits the correlation between
the emissions along x and y axes. ��c�–�f�� The 3D orientations �left�
and corresponding calculated defocused images �top right� of dif-
ferent QDs with different Euler angles: �c� �� ,� ,��= �0° ,0° ,0°�;
�d� �� ,� ,��= �10° ,0° ,0°�; �e� �� ,� ,��= �10° ,50° ,0°�; and �f�
�� ,� ,��= �10° ,0° ,50°�. Please note that the angle between
�X ,Y� and �x ,y� coordinates is ��, which is the projection of � onto
the observation plane. White dashed circles and lines are guides for
eyes.
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are defined to establish the relationship between them. As
can be seen, the orientation of the z axis with regard to the
laboratory system is determined by angles � and �. Nor-
mally, an ideal 2D model, where a degenerate transition di-
pole orientates isotropically in two dimensions and thus
gives rise to a perpendicular “dark axis” that does not couple
to the light field,16 is sufficient to characterize the emission
behavior of a spherical QD �Iz=0, Ix= Iy �0, where I is the
emitting intensity�. However, when the 2D transition mo-
ment is not of ideal circular shape, the ideal 2D model needs
to be modified by introducing an elliptical parameter.12 Here
we apply a modified 2D model with an elliptical parameter
to describe the defocused images of QDs �Iz=0, Ix� Iy �0�.
It was found that most of the emission patterns in our experi-
ments could be defined by this model precisely. The sche-
matic of a 2D dipole is shown in Fig. 3�b�, where the z
direction is the dark axis of the structure. The x and y direc-
tions are two “bright axes” for either symmetric or asymmet-
ric structure.15 The elliptical parameter is defined as the ratio
of the emitting intensities along the two bright axes �Ix / Iy�.
Notice that emissions along x and y axes are correlated in the
modified 2D model.

The dependence of the defocused images on three Euler
angles is schematically demonstrated in Figs. 3�c�–3�f�.
Bright point “BP” in the defocused images stands for the
projection of the dark axis on the observation plane �XOY�,
as shown in Fig. 3�c�. When ��0 and �=�=0, point BP
deviates away from the center of the defocused image along

x ��X� axis �Fig. 3�d��. In the case of ��0, ��0, and �
=0, not only point BP deviates but also bright axes x and y
rotate. However, the deviation of point BP is still along the
direction of the bright axis x �Fig. 3�e��. When ��0, �
�0, and �=0, the deviation of point BP in the defocused
image is not along the x axis anymore. At the same time, the
brightness of the outer diffractive rings is not symmetric with
respect to the bright axes, as shown in Fig. 3�f�.

A typical CCD frame with emitting QDs is presented in
Fig. 2�b�. The simulated results for �� ,� ,�� and elliptical
parameter Ix / Iy according to the experimental parameters are
shown beside the diffraction patterns of each QD. It can be
seen that most QDs can be described by the modified 2D
model.
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FIG. 4. �Color online� �a� Time traces of the emitting intensities
of two representative active QDs �QD-a and QD-b� from sample 1.
The black and red solid lines are guides for the eyes. The dashed
black lines represent the local background obtained from the imme-
diate surroundings of the monitored QDs. The numbers around the
two curves point out the five states shown in �b�. Each dot corre-
sponds to one exposure �300 ms�. The inset sketches the measured
sample. �b� Corresponding evolutions of the defocused emission
patterns of the two monitored QDs observed at different times. The
images were taken with an exposure time of 300 ms. In each group,
top images are the detected states and bottom ones are the corre-
sponding theoretical simulations.
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FIG. 5. �Color online� �a� Time traces of the emitting intensities
of two active QDs �QD-c and QD-d� from sample 2. �b� The cor-
responding emission patterns at five selected states.
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FIG. 6. �Color online� �a� Time traces of the emitting intensities
of two representative active QDs �QD-e and QD-f� from sample 3.
�b� The corresponding emission patterns at the selected states.
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IV. RESULTS AND DISCUSSION

We concentrate our discussion on the active QDs, of
which the defocused images changed after blinking-off peri-
ods during the observation time, although most of the ob-
served QDs did not show changes in our experiments. The
time traces of the PL intensity and corresponding emission
patterns of several typical states for six QDs are shown in
Figs. 4–6, which summarize the typical phenomenology of
emission pattern rotating and blinking in three prepared
samples. Each data point in Figs. 4�a�, 5�a�, and 6�a� repre-
sents one exposure �300 ms� and the dashed black lines stand
for the local background obtained from the immediate sur-
roundings of each monitored QD. Figures 4�b�, 5�b�, and
6�b� illustrate the corresponding defocused images of six
QDs observed at different times, which are labeled as se-
quence numbers in Figs. 4�a�, 5�a�, and 6�a�. In each group,
the top �bottom� images are the detected �simulated� states. If
we inspect carefully the observed images shown in Figs.
4�b�, 5�b�, and 6�b�, no obvious position change �with re-
spect to the outer diffractive ring� for point BP can be found.
This is due to the specialty of the dark axis in CdSe QDs. As
the temperature of the QD’s environment is not close to its
glassy transition temperature Tg, the dark axis, which origi-
nates from the crystal structure of CdSe QDs, cannot rotate
mechanically. Therefore, we can fix angles � and � during
the simulation as the dark axis is determined by � and �
�refer to Fig. 3�. The simulated results are given in Tables
I–III. The change in angle � between two neighboring states,
��n=�n+1−�n, is also given in the tables, where n
=1,2 , . . . or i , ii , . . .. The minus �plus� value stands for the
anticlockwise �clockwise� rotation. As shown, obvious rota-
tion of the defocused images can be observed in all three
samples.

There are several typical types of rotations in the mea-
sured QDs. The first type is related with a small rotation
angle ��20°� of the defocused image after a relatively short
dark period. For example, when QD-a evolves from state 1
to state 2, � rotates by only 17°. At first glance, it seems

there is no obvious blinking between these two states. How-
ever, the fluctuation of the fluorescence intensity is apparent,
implying that some unresolved blinking events have hap-
pened during this period. The rotation between states 3 and 4
in QD-c can be considered as the second type, in which �
rotates by a small angle of 5° after a relatively long dark
period. In the third type, the defocused images rotate by an
angle larger than 20° after a relatively short dark period. For
instance, a rotation of −145° between states ii and iii in
QD-d belongs to the third type, where the blinking is also not
resolved and only the fluctuation of the fluorescence inten-
sity is observed as in the first type. In QD-b, 85° rotation
from states i to ii after a relatively long dark period can be
considered as the fourth type. It is notable that different types
of rotations can occur in the same QD. For example, the first
type �from states 1 to 2� and the third type �from states 2 to
3� rotations can both be observed in QD-a. On the other
hand, not all blinking events are followed by the rotation of
the emission patterns even in some active QDs. As shown in
Fig. 6, there are distinct blinking-off periods for QD-e when
it evolves from state 3 to state 5. However, no observable
rotation is accompanied.

Another remarkable feature we observed in the experi-
ments is that the rotation is also accompanied with variations
in the intensity ratio Ix / Iy. As shown in Tables I–III, the
value of Ix / Iy is not a constant for each QD, suggesting that
the polarization characteristics of the emission change with
the rotation of the emission pattern.

When the QDs are embedded in the SU8 film such as in
sample 2, the SU8 film can also emit light and form a strong
background for the PL intensity of the QDs if it is excited by
a high-power laser beam. However, the intensity decreases
gradually upon the continuous irradiation, as shown in Fig.
5�a�. If the exciting power is not so high, the emitting inten-
sity of the SU8 film is not obvious. As can be seen in Fig.
6�a�, the degradation of the PL from the background �SU8
film� is not apparent because the SU8 film was somehow out
of focus when we measured the QDs in sample 3.

Overall, the rotation of emission patterns occurs in all
three samples, indicating that this phenomenon is insensitive

TABLE I. Modeling parameters �� ,� ,�� and Ix / Iy for each image in sample 1. ��n=�n+1−�n, where
n=1,2 , . . . or i , ii , . . ..

QD-a: �� ,��= �4° ,32°� QD-b: �� ,��= �7° ,20°�

n �states� 1 2 3 4 5 i ii iii iv v

� �deg� 180 163 130 130 180 79 174 117 16 134

��n �deg� 17 33 0 −50 85 57 101 −118

Ix / Iy 0.54 0.67 0.48 0.54 0.43 0.54 0.74 0.82 0.43 0.67

TABLE II. Modeling parameters �� ,� ,�� and Ix / Iy for each image in sample 2. ��n=�n+1−�n.

QD-c: �� ,��= �6° ,45°� QD-d: �� ,��= �3° ,161°�

n �states� 1 2 3 4 5 i ii iii iv v

� �deg� 152 133 140 145 127 159 23 168 25 20

��n �deg� 19 −7 5 18 136 −145 143 5

Ix / Iy 0.6 0.65 0.56 0.54 0.67 0.54 0.63 0.59 0.64 0.57
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to the environment of QDs. As all the observed rotations of
the emission patterns are accompanied by blinking-off peri-
ods, we believe that the rotation and blinking of QDs are
correlated.

In order to understand the physical mechanism of this
correlation, we compare the rotation observed in this work
with those reported in other systems such as emitting single-
molecule system. In single-molecule experiments, the rota-
tion of defocused images usually occur due to the following
reasons: �1� when single molecules are embedded in a poly-
mer near to its glassy transition temperature Tg �rotation
diffusion�,17 they can be rotated by the environmental me-
dium mechanically; �2� changing the polarization of the ex-
citation can also induce the rotation of defocused images;18

and �3� different independent chromophores forming single
molecules can radiate orderly because of the energy hopping
among them due to the anisotropy of the environment.19 In
our case, however, the experiments were carried out under
different conditions. At first, the room temperature is much
lower than Tg either for the glass substrate or for the SU8
�Tg�190 °C� film. Second, the polarization of the excitation
is fixed. Finally, as the emissions of QDs along different axes
�Ix and Iy� are correlated, there is no energy hopping between
them and the radiation is not ordinal as described in Ref. 19.
Therefore, the factors that cause the rotation of defocused
images in single molecules are not responsible for the ob-
served rotation in our experiments.

In the photoionization model that describes blinking in
semiconductor QDs, a charged QD resulted from Auger ion-
ization is a dark QD. The transition from a dark to a bright
QD then occurs through recapture of the initial electron
�hole� back into the QD core or through capture of another
electron �hole� from nearby traps to neutralize the charged
QD core.20 Based on this model, Neuhauser et al. developed
the charge-reorganization model to explain the correlation
between the large spectral shifting and blinking. There are
four possible mechanisms for the charged QDs to transit
back to bright. During the transition, a surface dipole can
possibly be created and the local electric field can conse-
quently be redistributed.13 A direct result from the redistribu-

tion of the local electric fields is the change in the electron
cloud of individual QDs. Indeed, we observed the modifica-
tion of the electron cloud in single QDs after some blinking
events. Since � is defined as the angle of the x axis with the
cross line between the laboratory system and dipole system,
its variation can be considered as a “self-rotation” of the
electron cloud around the dark axis �z axis�. Therefore, the
local electric fields around single QDs can really possibly be
reorganized when the charged QDs transit back to on states.
This is direct evidence not only for the photoionization
model that describes blinking in semiconductor QDs but also
for its extended charge-reorganization model that describes
the correlation between blinking and large spectral shifting.

V. CONCLUSIONS

In summary, we have observed the rotation of the electron
cloud by DWFIM. This is a clear manifestation of the redis-
tribution of carriers in and around single QDs. By analyzing
the observed defocused images, it was found that the rotation
can be ascribed to the change in angle �, indicating that it
can be considered as the self-rotation of the electron cloud
around the dark axis. As all the observed rotations of the
emission patterns are accompanied by blinking-off periods,
we believe that the rotation and blinking of single QDs are
correlated and the local electric fields around single QDs can
possibly be reorganized when the charged QDs transit from
dark to bright states. Therefore, the rotation of the defocused
images of QDs observed in our experiments is direct evi-
dence of both the photoionization model and its extended
charge-reorganization model, which describes blinking and
the correlation between blinking and large spectral shifting,
respectively.
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TABLE III. Modeling parameters �� ,� ,�� and Ix / Iy for each defocused image in sample 3. ��n

=�n+1−�n.

QD-e: �� ,��= �3° ,64°� QD-f: �� ,��= �5° ,25°�

n �states� 1 2 3 4 5 i ii

� �deg� 113 164 173 173 173 137 100 Quenched

��n �deg� −51 −9 0 0 37

Ix / Iy 0.6 0.69 0.57 0.6 0.67 0.6 0.67 Quenched
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