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Understanding of charge/energy exchange processes and interfacial interactions that occur between
quantum dots (QDs) and the metal oxides is of critical importance to these QD-based optoelectronic
devices. This work reports on linear dipole behavior of single near-infrared emitting CdSeTe/ZnS
core/shell QDs which are encased in indium tin oxide (ITO) semiconductor nanoparticles films. A
strong polarization anisotropy in photoluminescence emission is observed by defocused wide-field imag-
ing and polarization measurement techniques, and the average polarization degree is up to 0.45. A pos-
sible mechanism for the observation is presented in which the electrons, locating at single QD surface
from ITO by electron transfer due to the equilibration of the Fermi levels, result in a significant Stark
distortion of the QD electron /hole wavefunctions. The Stark distortion results in the linear polarization
property of the single QDs. The investigation of linear dipole behavior for single QDs encased in ITO
films would be helpful for further improving QD-based device performance.

Keywords single quantum dots, linear dipole behavior, electron transfer, polarization property, metal

oxide nanoparticles

1 Introduction

Quantum dot (QD)-metal oxide semiconductor nanopar-
ticle junctions are an integral part of next-generation solar
cells, light emitting diodes, and nanostructured electronic
arrays [1-4]. Understanding of charge/energy exchange
processes and interfacial interactions that occur between
quantum dots (QDs) and the metal oxides is of critical
importance to these QD-based photovoltaic and optoelec-
tronic devices [5-9]. The metal oxides are generally used
as the electron and hole acceptors, and excitons in QDs
can be dissociated by transferring the electrons and holes
to the metal oxide [10]. When QDs are coupled with large
bandgap metal oxide semiconductors such as TiOs, ZnO,
SnO3 and indium tin oxide (ITO), where match of energy
levels, charge injection efficiency, and interface dielectric
effect are always needed to be carefully considered. In the
QD-based photovoltaic devices, such as QD-based Schot-
tky junction solar cell [11, 12] and p-n homojunction solar
cell [13, 14], ITO as transparent electrode directly con-

tacts with QD layer. Especially the p-n homojunction QD
solar cell represents the most recent development, which
has been used to further address the limitations of low
open-circuit voltage and stability. This type of QD solar
cell is believed to hold high promise and open the avenue
to prospective inverted p-n homojunction and multijunc-
tion photovoltaic devices.

Recently, key insights into mechanisms and time scales
for charge and energy transport between QDs and ITO
nanoparticles have been provided by time-resolved pho-
toluminescence (PL) studies [5, 15-22]. Interfacial charge
transfer from ITO to QDs and formation of negatively
charged QDs can suppress blinking dynamics of single
QDs and reduce the PL lifetimes [5, 20], and the spectral
peak emission energies show a red shift as large as ap-
proximately —35 meV with respect to that of single QDs
on glass substrates [17]. The ITO also introduces an ex-
tra nonradiative energy transfer to reduce PL intensity of
QDs [22] and modify photon emission statistics of single
QDs [19, 21].

Generally, the band-edge exciton transitions in single
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QDs are unpolarized in absorption and emission [23-27],
unlike the strictly linearly polarized transitions in conju-
gated organic molecules described in the literatures [28—
32]. Detailed theoretical models of CdSe QDs predict a
manifold of transitions, and the emission originates from
two degenerate states with orthogonal dipole orientations
[33, 34]. The studies about deviations from the degener-
ate behavior so far have been mainly focused to asym-
metric QDs [35-39]. Enforcing directionality in the tran-
sition moment of individual QDs is very difficult. How-
ever, the linearly polarized absorption and emission have
been found in individual CdSe QDs surface-functionalized
with monodisperse oligo-phenylene vinylene (OPV) lig-
ands, which was attributed to the QD surface electrons
from the photoexcited ligands inducing a significant Stark
distortion of the QD electron/hole wavefunction [40]. The
observations have been supported by perturbation cal-
culations of the Stark-induced wavefunction distortion
and induced linear polarization [41]. In addition, the en-
hanced spectral stability, suppressed fluorescence blink-
ing, polarization-induced spectral shifts and multiexci-
tonic emission have also been observed in the CdSe/OPV
system [41-43], which are quite similar with the observa-
tions in QD/ITO systems mentioned above. The electrons
at single QD surface could profoundly affect QD lumines-
cence properties. However, the polarization property of
single QDs encased in ITO films linking excess surface
electrons has not been investigated yet.

Here, we investigate the linearly polarized emission
of single near-infrared (NIR) emitting CdSeTe/ZnSsmr,
core/multishell QDs encased in ITO films. The linearly
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polarized emission of single QDs is observed by defocused
wide-field fluorescence imaging microscopy, and the polar-
ization degree is measured by single particle polarization
microscopy. We attribute the linear dipole behavior to the
surface electrons inducing the Stark distortion of the QD
electron/hole wavefunctions. The investigation of linear
dipole behavior for single QDs encased in the ITO films
would be helpful for further improving photovoltaic device
performance.

2 Experimental section

2.1 Preparation of single QDs/ITO nanostructure

sample

Schematic view of the sample preparation is depicted in
Fig. 1(a). The NIR emitting CdSeTe/ZnSsmr, core/multi-
shell QDs (Qdot®800ITKTM Organic QDs) were ordered
from Thermo Fisher Scientific Inc. The transmission elec-
tron microscope (TEM) image of single QDs is shown in
Fig. 1(b). The size of the QDs is 8.3+2.1 nm and the diam-
eter of core is ~ 6.4 nm. Absorption and emission spectra
are shown in Fig. 1(c), and the maximum PL emission
wavelength is ~ 800 nm. The QDs with a band gap of
~ 1.5 eV were selected, since the 1.5 €V is the optimum
band gap for maximum power conversion in solar cells [44].
The ITO nanoparticles (< 100 nm particle size (DLS), 30
wt. % in isopropanol, Sigma-Aldrich) were centrifuged
at 3000 rpm for 5 minutes, then we wiped out the super-
natant, and the precipitate was dispersed in toluene with a

Fig. 1 Schematic view of sam-
ple preparation and material charac-
teristics. (a) The schematic of sin-
gle quantum dots (QDs) encased in
indium tin oxide (ITO) nanoparti-
cles films. (b) Transmission elec-
tron microscope (TEM) image of sin-
gle near-infrared emitting CdSeTe/
ZnSsm1, core/multishell QDs. (¢) Ab-
sorption and emission spectra of Cd-
SeTe/ZnSsmi, core/multishell QDs in
solution. (d) Scanning electron mi-
croscope (SEM) image of the ITO
nanoparticles spin-coated onto glass
coverslip.
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concentration of ~ 15 wt.%. At last, single QDs solution
(1078 mol-L™!) in toluene was added to the dispersion
and formed a mixture with single QDs (~ 10~ mol-L~1).
The mixture was spin-coated onto a cleaned glass cover-
slip with a rotational speed of 3000 rpm to form an ITO
nanoparticles film encasing single QDs. ITO film with the
thicknesses of ~ 350 nm was obtained. The samples were
placed in vacuum at 315 K for 3 hours to remove the resid-
ual solvent. Figure 1(d) presents a scanning electron mi-
croscope (SEM) image of spin-coated ITO nanoparticles
onto glass coverslip.

2.2 Defocused wide-field fluorescence microscopy

The defocused wide-field fluorescence imaging was per-
formed using an inverted optical microscope (IX71, Olym-
pus) equipped with an oil immersion objective (Plan Flu-
orite, Olympus, 100x, 1.3 NA) and an EMCCD cam-
era (ProEM: 512B, Princeton Instruments). The 635 nm
light from a diode-pumped solid-state laser (MLL-ITI-
635L, Changchun) was used as the excitation source. The
excitation light was passed through a A\/2 and a A/4 wave-
plate to form a circular polarization light. PL was collected
by the same objective and passed through a dichroic mir-
ror and a long pass filter (z635rdc and HQ655LP, Chroma
Technology Co.). The image was further magnified 3.3
times with an additional lens (the resulting maximum
view of image is 24.6 pm x 24.6 um). The excitation
field contains only a limited contribution of radial or z-
polarized light when using a standard Kohler illumination
and therefore the excitation of molecules oriented along z-
axis is disfavored. To overcome this problem a quasi-total
internal reflection mode (qTIRF) has been employed [45].
Using qTIRF, the intensity of the z-component of the exci-
tation was increased. And the angular resolution on both
of radial and azimuthal orientation can be drastically in-
creased [45]. In order to perform real 3D imaging, the wide
field system has been modified by working slightly out of
focus to perform so called defocused wide field imaging.
Typically, the objective was transferred toward sample by
0.8-1.2 um from focused position. Sequences of defocused
images up to 2000 frames have been recorded with an in-
tegration time of 100 ms. The resulting defocused images
were analyzed with a home-built MatLab routine accord-
ing to the theoretical model [46, 47].

2.3 Single particle polarization microscopy

The experimental setup for the single QDs fluorescence
microscope has been shown previously [20, 30]. A picosec-
ond pulsed diode laser (PDL800-D PicoQuant, A = 635
nm) was used to excite single QDs. The output of the
pulse laser was passed through a A/2 and a A/4 wave-
plate to change the polarized laser into circular polar-
ization light. The beam was sent into a conventional in-
verted fluorescence microscope (IX71, Olympus Plan Flu-
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orite, Olympus) from its back side, reflected by a dichroic
mirror (Z635RDC, Chroma Technology Co.), and focused
by an oil immersion objective lens (Olympus, 100x, 1.3
NA) onto the upper sample surface of the glass cover-
slip. The PL was collected by the same objective lens
and then passed through the dichroic mirror, an emis-
sion filter (HQ655LP, Chroma Technology Co.), and a
notch filter (BrightLine, Semrock, NF03-633E-25), was fo-
cused onto a 100 um pinhole for spatial filtering to reject
out-of-focus photons. PL photons were subsequently sent
to a rotating achromatic half-wave plate (AHWP10M-
980, 690-1200 nm) combined with a broadband polariz-
ing beamsplitter cubes (Thorlabs, PBS122) to measure
the polarization degree. The polarization beam splitter
divides the PL photons into its two components which are
subsequently focused through two lenses and collected by
two single photon detectors (PerkinElmer, SPCM-AQR-
15). The two detectors are used to detect horizontal and
vertical polarization photons, respectively. A piezo-scan
stage (Piezosystem jena, Tritor 200/20 SG) with an ac-
tive x-y-z feedback loop mounted on the inversion mi-
croscope was used, and the sample was scanned over the
focus of the excitation spot, producing a two-dimensional
fluorescence imaging. The signals from the single photon
detectors are recorded by a time-correlation single pho-
ton counting (TCSPC) data acquisition card (HydraHarp
400, PicoQuant) to obtain PL information of single QDs.
For reducing the effects of the QD charged states on the
polarization degree [48], we chose a low-power excitation
condition: the pump fluence of laser is set at the aver-
age number of photons (n) =~ 0.30 absorbed per QD per
pulse [21, 49]. All measurements were performed at room
temperature.

3 Results and discussion

3.1 Defocused imaging of single QDs

In the first section, we employ the defocused wide-field
imaging method to investigate linear dipole behavior of
single QDs encased in ITO films. Since the defocused
imaging technique is based on the electron transition
dipole approximation and the fact that the dipole radia-
tion exhibits an angular anisotropy, the anisotropy in the
defocused imaging provides information on the transition
dipole axis. The dipole system of QD is assumed to be
a superposition of an elliptic dipole plus a perpendicular
dipole or of three perpendicular linear dipole with differ-
ent emission intensity [50]. Here we use the model of three
perpendicular dipoles as sketched in Fig. 2(a). As shown,
(z, y, 2) and (X, Y, Z) indicate dipole system and the
coordinates of lab system, respectively. The orientation
of this dipole system with respect to the lab system can
be defined by three Euler angles 2, ¥, and w. The Z axis
is the optical axis. The defocused wide-field fluorescence
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QDs in ITO

Fig. 2 Schematic of three-dimensional (3D) orientation of quantum dot (QD) and experimental setup, and defocused images
of single QDs encased in ITO film and on glass coverslip. (a) Sketch of the simulation model to define the emission from a QD.
The 3D orientation of the QD’s reference system (z, y, z) with respect to the lab system (X, Y, Z) is determined by three
angles 2, ¥, and w. (b) Schematic of the defocused wide-field fluorescence imaging microscope. (¢) Sum image of a series of
50 frames (512 x 512 pixels) of the single QDs emission at a defocusing value of —0.82 pm with a magnification of M = 330.
The exposure time of each frame is 100 ms. (d) The inset in (c) is the defocused images of single QDs on glass coverslip. (e)
Defocused patterns of single QDs in ITO film which are magnified views of the red boxed regions in (a). (f) The corresponding
calculated theoretical fits. (g) Five typical defocused patterns of single QDs on glass coverslip. (h) The corresponding calculated

theoretical fits.

imaging microscope is depicted in Fig. 2(b). Defocused
imaging is obtained by moving the objective with a dis-
tance of 1.00 £ 0.25 pm towards the samples (defocusing
value). Figures 2(c) and (d) show typical defocused images
of QDs in ITO film and on glass coverslip, respectively.
Several typical defocused patterns and the corresponding
theoretical fits for single QDs in ITO film and on glass cov-
erslip are shown in Figs. 2(e)—(h), respectively. For single
QDs on glass coverslips, the defocused patterns are similar
to that of the previous literatures [50, 51]. However, it can
be found that defocused patterns of single QDs encased in
ITO film are very different from that of glass coverslips,
and many of them show a clear bilateral symmetry which
is similar to the emitters with single linear dipole, such as
single dye molecules [45-47].

The defocused images were analyzed with a home-built
MatLab routine according to the multidimensional dipole
model developed by Enderlein and co-workers [50]. The
final intensity distribution of defocused images of the three
perpendicular dipoles measured by an EMCCD camera is
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proportional to P = kI, + (1—k) (HT“Iy + 1_T”Iz), where
I, I, and I, are the emitting intensities of three dipoles
with the unit emission strength, and the two parameters
k and p define the intensity ratios of the three dipoles,
respectively. The value pairs with £k = 0 and p close to
zero correspond to a circular degenerate dipole emitter,
and the values with & = 1 correspond to a purely linear
dipole emitter [50]. For the single QDs on glass coverslip
in Fig. 2(h), the parameter values of (2, ¥, w, k, u) from
theoretical fits for the five QDs are: (16, 168, 31, 0.2, 0),
(0,118, 0,0.14, 0), (2, 323, 0, 0, 0), (19, 50, 0, 0.08, 0), and
(24, 200, 0, 0.2, 0), respectively. However, the parameter
values of (Q, ¥, w, k, u) from theoretical fits for the five
QDs in ITO film in Fig. 2(f) are: (80, 165, 203, 1, —1),
(56, 113, 180, 1, —1), (77, 192, 73, 1, —1), (83, 233, 80, 1,
—1), and (59, 88, 80, 1, —1), respectively. By comparing
the fitting parameters of k and p in the two cases, these
QDs in ITO film (k = 1) show a distinct linear dipole
behavior, while the single QDs on glass coverslip are close
to circular degenerate dipole emitters. We have analyzed
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Fig. 3 Relation between the best-fit parameter values of k
and |u| for ~ 85 evaluated QDs in ITO films. The values of k
close to 1 correspond to a linear dipole emitter.

the defocused images for ~ 85 single QDs in ITO film, and
the absolute values of u against the values of k are shown
in Fig. 3. From the histogram of k in Fig. 3, we can find
more than half of single QDs with & > 0.7, which indicates
the z dipole (I,) has much stronger emission strength than
the others.

3.2 Polarization measurements for single QDs encased in
ITO films

The linear dipole behavior of single QDs encased in ITO
films has been shown visually by the defocused wide-
field imaging. Here, we assess the polarization degrees by
the method of polarization measurements. The polariza-
tion measurement of an emitter is normally performed in
the far field by emission polarization analysis [23, 39].
Here, the emission polarization property of single QDs
encased in ITO film is measured by single particle po-
larization microscopy as showed in Fig. 4(a). Polarization
measurements are realized on single particles with a ro-
tating broadband half-wave plate combined with a broad-
band polarizing beamsplitter cube. When a single QD is
excited by a laser, the PL is collected by a high numer-
ical aperture objective. The polarization dependence of
emission for single QDs on glass coverslip is found to be
significantly weak, and it is due to the fact that multiple,
overlapping states emit simultaneously, decreasing the po-
larization degree in emission [33, 52].

The typical PL trajectories plotted as a function of the
half-wave plate angle are shown in Fig. 4(b). The tra-
jectories were recorded with an integration time of 10
ms, and the rotational speed of the half-wave plate was
set to 6° s~!. When the half-wave plate rotates from
0° to 180°, the linear polarized photons rotate from 0°
to 360° and thus there are two modulation cycles for
single QD’s emission. The polarization degree (p) is de-
fined by p = (Imax - Imin)/(lmax + Imin); where Imax
and I, correspond to the maximum and minimum de-
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tector counts in an emission modulation cycle. I, and
I'min can be obtained by fitting to the function, (6, /2) =
(Tmax — Imin)cos2(9>\/2) + Imin [blue lines in Fig. 4(b)],
where 0 /5 is the angle of the half-wave plate [23, 39]. The
resulting fits for the trajectories in Fig. 4(b) yield p = 0.41
(upper part) and p = 0.62 (lower part) respectively. The
phase difference between them is about 45° with respect to
the half-wave plate angle. Noting that fluorescence blink-
ing can be observed in the trajectories, which is attributed
to the photoinduced charging of QDs by electron transfer
to trap states [5, 20, 53]. The average background has
been subtracted from the trajectories before fitting. How-
ever, the fitting errors due to fluorescence blinking and the
inhomogeneity of background lead to the experimental er-
ror of ~ 5% in the assessment of the polarization degree.
Figure 4(c) shows the histogram of p for ~ 158 QDs in
ITO films. By fitting the histogram with a Gaussian dis-
tribution, the average value with standard deviation of p
is 0.45 £ 0.17.

Here, we do not show the results of polarization mea-
surement for single QDs on glass coverslip, because it is
very difficult to extract the polarization information from
the PL traces due to the strong blinking as well as the
long dark states in this case [20]. However, we have es-
timated the polarization degree of single QDs by consid-
ering the aspect ratios of QDs according to the theory
in Refs. [39, 52]. The calculated polarization degree as a
function of aspect ratio is shown in Fig. S1(b) in the Sup-
porting Information, and the polarization degree is smaller
than 0.15 for the various aspect ratios. Therefore, these
results reveal that ITO nanoparticles should be account-
able for the linear dipole behaviors of single QDs.

3.3 The possible mechanism for the linear dipole
behavior of single QDs

Here, we give a possible mechanism for the linear dipole
behavior of single QDs according to the previous reports
on the CdSe/OPV system [40, 41]. Here, the ITO has a
higher Fermi level than that of the QDs, therefore the elec-
trons in ITO will be transferred to QDs due to the Fermi
level equilibration [5, 20]. Quantitative electrostatic force
microscopy measurements have also revealed that there
are 2-3 electrons on single QD surface when QDs are in
contact with ITO [17]. By atomistic empirical pseudopo-
tential calculations, Wang has demonstrated that the elec-
tric field set up by a classic point charge located near the
surface of a QD can substantially alter the distribution
of the photogenerated electron and hole wave functions
[54]. For example, when a negative external charge is near
the surface of CdSe QD, its Coulomb potential could be
strong enough to pull the hole from the electron and re-
sults in a reduction of the overlap between electron and
hole wave functions. By computing the first order Stark
corrections to the 1S, and 1S3/, 5; electron/hole wave-
functions [41], Early et al. suggested that the Stark dis-
tortion of the quantum dot electron/hole wavefunctions

Guo-Feng Zhang, et al., Front. Phys. 14(2), 23605 (2019)
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Fig. 4 Schematic of experimental setup, and results of polarization measurement. (a) Scheme of the setup for single particle
polarization measurement. A picosecond pulsed diode laser of A = 635 nm is used to excite single QDs. The fluorescence is
collected by an objective and is directed to a combination of a broadband half-wave plate and a polarizing beamsplitter cube for
the analysis of the degree of polarization. (b) Experimental polarization measurement trajectories for two typical single QDs
in ITO film, and the fluorescence signal from one of single photon detectors (red line) is plotted as a function of the half-wave
plate angle. The trajectories are fitted by I(65/2) = (Imax — Imin) COSQ(GA/g) + I'min function to derive the degree of polarization
(p)- The phase offset of the two single QDs is real, showing no experimental polarization bias. (¢) Histogram of the polarization
degrees for ~ 158 QDs, with an average polarization degree of 0.45 + 0.17.

results in the linear polarization property of single QDs.
Based on the discussion, we attribute the linear dipole be-
havior of single QDs to the surface electrons induced the
Stark distortion of the QD electron/hole wavefunctions.

4 Conclusions

In the paper, we have demonstrated the linear dipole be-
havior of single QDs in ITO films using both defocused
wide-field fluorescence imaging and single particle polar-
ization measurement techniques. The defocused wide-field
imaging has visualized the linear dipole emission of sin-
gle QDs encased in ITO films. The average polarization
degree has been determined to be ~ 0.45 by the single par-
ticle polarization measurement. The linear dipole behavior
of single QDs is attributed to the surface electrons induced
the Stark distortion of the QD electron/hole wavefunc-
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tions. The polarization degrees show a significant differ-
ence from dot to dot due to the heterogeneous interactions
between the surface electrons and the photogenerated elec-
tron/hole within the QDs. The metal oxide nanoparticles
induced linear dipole behavior has significant implications
in photon absorption and energy transfer, relevant to QD-
based photovoltaics and optoelectronics.

Electronic supplementary material Supplementary material
is available in the online version of this article at https://doi.org/
10.1007/s11467-018-0874-z and is accessible for authorized users.
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