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Single perovskite nanocrystals have emerged as a novel type of semiconductor nanostructure capable of
emitting single photons with rich exciton species and fine energy-level structures. Here we focus on single
excitons and biexcitons in single perovskite CsPbl; nanocrystals to show, for the first time, how their
optical properties are modulated by an external electric field at the cryogenic temperature. The electric field
can cause a blueshift in the photoluminescence peak of single excitons, from which the existence of a
permanent dipole moment can be deduced. Meanwhile, the fine energy-level structures of single excitons
and biexcitons in a single CsPbl; nanocrystal can be simultaneously eliminated, thus preparing a potent
platform for the potential generation of polarization-entangled photon pairs.
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In the quantum-confined Stark effect (QCSE) of semi-
conductor nanostructures, the overlap of electron-hole
wave functions can be effectively modified by an external
electric field to induce significant changes in the exciton
recombination energy, oscillator strength, and radiative
lifetime [1-3]. For epitaxially grown self-assembled quan-
tum dots (QDs), the QCSE has been widely employed to
remove the exciton fine-structure splittings for the gener-
ation of polarization-entangled photon pairs [4—6]. In the
case of chemically synthesized colloidal nanocrystals
(NCs), the QCSE is normally manifested in heterogeneous
or asymmetric structures with a weak quantum confinement
[7], such as nanorod, nanowire, and nanoplatelet [8—18].
The QCSE-related studies performed so far on traditional
colloidal CdSe NCs have proved the powerfulness of
external electric fields in tuning the absorption and emis-
sion properties [8—11], thus fostering a variety of classical
applications in electro-optical modulator-switcher [12,13],
charge-voltage sensing [14—16], optical memory [17], and
bioimaging [18].

Very recently, a novel type of colloidal NCs with the
perovskite structures has been successfully synthesized,
which can reach the weak quantum-confinement regime
with the side lengths being comparable to the exciton Bohr
diameters [19]. As demonstrated from the single-particle
spectroscopic characterizations, the perovskite NCs are
featured with blinking-free photoluminescence (PL) [20],
ultranarrow PL linewidth [20,21], coherent single-photon
emission [21,22], and exciton fine-structure splitting
[23-28]. These superior optical properties are gradually
approaching those commonly possessed by epitaxial QDs,
suggesting the emergence of a potent platform that might
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bridge the missing gap between these two important
semiconductor nanostructures [29]. So far, the QCSE of
perovskite NCs has been largely unexplored [30], the
understanding of which will not only provide a better
guidance for their optoelectronic performances in light-
emitting diodes [31] and solar cells [32], but also extend the
classical applications of colloidal NCs to the regime of
quantum technologies.

Here we focus on single perovskite CsPbl; NCs, show-
ing how their optical properties are modulated by an
external electric field at the cryogenic temperature. For
single excitons created by low-power laser excitation, the
electric field can induce a blueshift in the PL peak to reveal
the existence of a permanent dipole moment. Such a
permanent dipole moment is theoretically proposed to arise
from the surface-related stress, which could reduce the
crystal symmetry by creating the hydrostatic strain. For
single excitons and biexcitons created with high-power
laser excitation, their fine energy-level structures can be
simultaneously eliminated to create two cascaded decay
channels with indistinguishable emission wavelengths but
orthogonally linear polarizations.

According to a standard procedure [25], the CsPbl; NCs
passivated with surface oleic acid and oleylamine ligands
are synthesized with a cubic edge length of ~9.3 nm. For
the optical measurements at 4 K, a single CsPbl; NC is
placed between two electrodes and excited at 570 nm by a
5.6 MHz picosecond laser (see experimental details in the
Supplemental Material [33]). In Fig. 1(a), we present an
optical image of the excitation laser spot located between
two nearby electrodes. In Fig. 1(b), we plot the PL
spectrum measured for a single CsPbl; NC within the
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FIG. 1. (a) Optical image showing the excitation laser spot
located between two nearby electrodes. (b) Doublet PL peaks
measured for a single CsPbl; NC. (c) PL spectral image of this
single CsPbl; NC showing PL intensity changes of the doublet
peaks with the detection angles of the linear polarizer. (d) PL
intensities of the doublet peaks each shown in a polar plot as a
function of the linear polarizer angle. The blue (red) data points
correspond to the PL peak shown in (c) with a high (low) energy.

laser spot, which is consisted of doublet peaks with
resolution-limited PL linewidths of ~100 ueV. As shown
in the spectral image of Fig. I(c), these doublet peaks
possess anticorrelated changes in their PL intensities with
the linear polarizer angles. In Fig. 1(d), the doublet PL
intensities are each shown in a polar plot as a function of the
polarizer angle, where the orthogonally linear polarizations
confirm that they originate from the single-exciton fine-
structure splitting [25].

Under an external electric field, the overall shifting
trends of the doublet PL peaks are quite similar, so that
we will denote them together as the single-exciton peak in
the following discussions. As shown in Fig. 2(a) from the
PL spectral image of a single CsPbl; NC excited at
(N) = 0.1, with (N) being the number of excitons created
per pulse [20,25,34], the single-exciton peak shifts from
~702 to ~707 nm with the decreasing electric field from 96
to —96 kV/cm. In a conventional QCSE process, the
exciton peak would show a redshift once a positive or
negative electric field is applied [35]. However, this
symmetric electric-field response would be modified if
there exists a permanent dipole moment inside the semi-
conductor nanostructure. For this specific single CsPbl,
NC shown in Fig. 2(a), the built-in electric field related to
the permanent dipole moment has already caused a redshift
in the single-exciton peak, which is shifted further to the
red side with the decreasing electric field from 0 to
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FIG. 2. (a) PL spectral image of a single CsPbl; NC showing
the single-exciton peak shift as a function of the external electric
field. (b) PL decay curves of this single CsPbl; NC measured at
different electric fields and each fitted by a single-exponential
function. (c) PL spectral image of another single CsPbl; NC
showing the single-exciton peak shift as a function of the external
electric field. (d) PL spectral image of two single CsPbl; NCs
showing the crossover of their single-exciton peaks at
about —90 kV/cm.

—96 kV/cm. In contrast, when the electric field is
increased from 0 to 96 kV/cm, the built-in electric field
would be gradually canceled to cause a blueshift in the
single-exciton peak. As shown in Fig. 2(b), the single-
exciton PL lifetime increases from ~1.50, ~2.35, to
~4.37 ns with the decreasing electric fields from 0, —53,
to —96 kV/cm, signifying a reduced overlap of the
electron-hole wave functions [36,37]. On the other hand,
the PL lifetime decreases from ~1.50 to ~1.21 ns with the
increasing electric field from 0 to 96 kV/cm, owing to
partial or complete compensation of the built-in elec-
tric field.

In Fig. 2(c), we plot the PL spectral image measured for
another single CsPbl; NC at (N) = 0.1, where the single-
exciton peak shifts from ~719 to ~713 nm when the
electric field is decreased from 96 to —60 kV /cm, and then
it shifts slightly back to the red side when the electric field is
further reduced to —96 kV /cm. These dramatically different
responses to the electric field, as shown in Figs. 2(a) and 2(c),
suggest that the permanent dipole moments of the two single
CsPbl; NCs are oriented quite differently when they are spin
coated onto the substrate. This random alignment has
allowed us to easily tune the single-exciton peaks to the
same position for two single CsPbl; NCs within the
laser spot, as exemplified in Fig. 2(d) at the electric field
around —90 kV/cm. In contrast to the single CsPbl; NCs
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studied here, the single epitaxial QDs grown on the
same substrate normally possess fixed directions in their
single-exciton dipole moments [38]. To prepare wavelength-
indistinguishable single-photon sources for the two-photon
interference measurements, the two single epitaxial QDs had
to be selected from different substrates with one of them
being subjected to an external strain or electric field [39,40],
which is lack of the tuning flexibility achieved here for the
two single CsPbl; NCs.

With an external electric field (E), the induced change of
the exciton recombination energy can be described as
aE + BE?, where a and f are the permanent dipole moment
and the exciton polarizability, respectively [41]. The a
values for the two single CsPbl; NCs studied in Figs. 2(a)
and 2(c) are fitted to be ~6.59 and ~7.73 A, respec-
tively, with the corresponding f values being ~451 and
~749 meV/(MV/cm)?, respectively (see Fig. S1 in the
Supplemental Material for the fitting curves [33]). Overall,
the electric-field induced shifts of the single-exciton peaks
have been measured for 52 single CsPbl; NCs (see Fig. S2
for the experimental results from six more single CsPbl,
NCs [33]), whose fitted @ and f values range from
~0.11-11.24 A and ~108-1159 meV/(MV/cm)? with
the averages of 3.74+271 A and 366 4 234 meV/
(MV/cm)?, respectively (see Fig. S3 for the statistics
[33]). Using the relationship of Ey = a/(2f) [3.41], we
can determine the projected component of the built-in
electric field E; in the E direction, which ranges from
~0.8-387.6 kV/cm with an average of 64.35+
58.08 kV/cm (see Fig. S3 for the statistics [33]). Given
the fact that the directions of E, and E may form a nonzero
angle between each other, we infer that the real magnitude
of E; could be even larger than the estimated value.

The existence of a permanent dipole moment, with the
associated built-in electric field, has been previously attrib-
uted to different origins in semiconductor nanostructures. It
was suggested that charge carriers trapped on or near the
surface of a colloidal NC could cause a transient dipole
moment [3,42,43]. However, we are focusing entirely on
neutral single CsPbl; NCs, while the charging status can be
otherwise easily detected by the appearance of a redshifted
PL peak (see Fig. S4 in the Supplemental Material [33]). In
epitaxial InAs QDs, the asymmetric shape and nonuniform
composition could yield a permanent dipole moment, which
would be further modified by the structural truncation
[41,44-47]. This origin is also unapplicable to the perovskite
CsPbl; NCs studied here, owing to their cubic shape and
homogeneous ion distribution [19].

Because of lattice mismatch and the accompanied
strain in the core-shell interface of colloidal NCs, it was
speculated that a permanent dipole moment would be
induced through the piezoelectric effect [48,49]. When
assuming that there exists a nonzero surface stress in
CsPbl;, we would also expect an induced strain in the
cubic NC relative to its bulk phase [50,51]. Based on

first-principles calculations, it has been predicted that the
strain can profoundly influence the electronic structures of
perovskite CsPbl; [52]. If the crystal structure remains
centrosymmetric, the strain origin of a permanent dipole
moment should have been excluded in our case. However,
this scenario would be deviated if the strain could reduce
the crystal symmetry to a lower one. In fact, due to the polar
nature of the noncentrosymmetric crystallographic lattice in
colloidal CdSe NCs [53-56], a permanent dipole moment
was previously probed from either dielectric dispersion
[53] or transient birefringence [54] measurement. We thus
propose that a spontaneous polarization P occurs as a result
of the symmetry reduction under the surface-induced strain,
the discontinuity of which at the surface then produces the
built-in electric field and the permanent dipole moment in a
single CsPbl; NC. As the macroscopic electrostatic field
induced by the polarization is E, = P/(gy¢), the observed
built-in electric field (e.g., ~387.6 kV/cm) corresponds to
a polarization of ~0.9-2 uC/cm? with a dielectric constant
€ of 23-60 for low-dimensional perovskites [57].

From our first-principles calculations for the elastic
parameters of the bulk CsPbl; and the (001) surface in
the cubic phase [58], the surface-induced strain is plotted in
Fig. 3(a) as a function of L/ay, where L is the NC edge
length and q; is the bulk lattice constant (see theoretical
calculations in the Supplemental Material [33]). With the
decreasing L/a, from 20 to 5, the strain shows an
increasing trend from ~0.05 to ~0.17%. We further
calculate in Fig. 3(b) how the energies per cubic unit cell
in the centrosymmetric and noncentrosymmetric cubic
structures vary with the strain along the most favorable
[001] direction, showing that the latter one should be more
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FIG. 3. (a) Surface-induced strain in a cubic CsPbl; NC plotted

as a function of the edge length in unit of the lattice constant. The
inset shows the noncentrosymmetric crystal structure of the cubic
phase under the strain, which demonstrates displacement of the
Cs ion relative to the I ions along the [001] direction. (b) The
energies per cubic unit cell in the centrosymmetric and non-
centrosymmetric structures as a function of the strain, where the
unit-cell energy of the nonstrained centrosymmetric structure is
set to zero as a reference. (c) Spontaneous polarization P in the
noncentrosymmetric structure and its energy gain per cubic unit
cell relative to the centrosymmetric structure, both plotted as a
function of the strain.
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stable when the strain is larger than a certain value. The
corresponding energy gain of the symmetry reduction,
together with the spontaneous polarization, are both plotted
in Fig. 3(c) as a function of the strain. One can see that the
magnitude of the polarization is around several uC/cm?
and increases with the increasing tensile strain, suggesting
that larger polarizations would be expected in smaller-sized
NCs. On the other hand, due to the effect of depolarization
fields, the measured polarization value should be smaller
than what is shown in Fig. 3(c). Thus, our theoretical results
are consistent with the experimental polarization values
of ~0.9-2 uC/cm?.

Since it is also quite common for all-inorganic perovskite
NCs to adopt an orthorhombic crystal phase [59], we
additionally compare the relative stability of the centro-
symmetric and noncentrosymmetric orthorhombic struc-
tures under different strains (see theoretical calculations
and Fig. S5 in the Supplemental Material [33]). As in the
case of the cubic phases, the centrosymmetric structure in
the orthorhombic phase becomes unstable with respect to
the noncentrosymmetric ones under sufficiently large
strains, with the favorable polarization directions being
along [001] and [011]. It should be noted that, whether a
single CsPbl; NC is in the cubic or the orthorhombic phase,
our theoretical model predicts the existence of a non-
centrosymmetric structure that is intimately related to the
built-in electric field. In a recent work [60], we have
detected transversal-acoustic phonon modes that are size
quantized in single CsPbl; NCs with the energies ranging
from ~150-180 peV, which can be activated only when the
material lacks of the inversion symmetry [61]. Moreover,
right after the application or removal of an external electric
field, we have observed relaxation behaviors in the single-
exciton PL peaks of single CsPbl; NCs (see Fig. S6 in the
Supplemental Material [33]), suggesting that the existence
of a built-in electric field should signify the structural
deviation from the original centrosymmetric phase.

The doublet PL peaks from single excitons in a single
CsPbl; NC have been treated as a whole in the above
discussions of electric-field responses. However, there still
exists a delicate difference in their shifting rates to the blue
and red sides. As can be seen in Figs. 2(a) and 2(c), the
high-energy peak always shifts faster to the blue and red
sides than the low-energy one, leading to a larger (smaller)
fine-structure splitting at the shorter (longer) wavelength.
Whenever the doublet PL peaks are being shifted to the red
side with the changing electric field, they would eventually
arrive at the same wavelength position [see Figs. 2(a)
and 2(c)], which should reflect the ultimate limit for the
spatial separation of the electron and hole wave functions in
a single CsPbl; NC with the weak quantum confinement. In
Fig. S7(a) [33], we plot the PL spectral image measured for
another single CsPbl; NC excited at (N) = 0.1, whose PL
spectra extracted at five different electric fields are plotted
in Fig. S7(b) [33]. The fine-structure splitting is estimated
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FIG. 4. (a) PL spectral image of a single CsPbl; NC showing
the single-exciton (X) and biexciton (XX) peak shifts as a
function of the external electric field. PL spectra measured for
this single CsPbl; NC at the electric fields of (b) 0 and
(c) —53 kV/cm, respectively.

to be ~230 ueV at 0 kV/cm, and it increases to ~509 and
~T743 yeV at the positive electric fields of 33 and
133 kV/cm, respectively. After the negative electric field
has been applied, the fine-structure splitting is greatly
shortened to ~91 eV at —33 kV/cm and it is almost
completely removed at —67 kV/cm, resulting in a single
peak with a PL linewidth of ~137 ueV.

We next increase the laser power to set (N) = 1.0 so that
the PL responses of single excitons and biexcitons of a
single CsPbl; NC can be studied together under an external
electric field in Fig. 4(a). In Fig. 4(b), we plot the PL
spectrum measured at 0 kV/cm, where the fine-structure
splittings for the single excitons and biexcitons are both
~338 £ 20 ueV. When the electric field is decreased to
—53 kV/cm in Fig. 4(c), both single excitons and biexci-
tons now possess a single peak with a PL linewidth of
~150 pueV (see Fig. S8 [33] for more PL spectra of this
single CsPbl; NC measured at different electric fields).
From the above observations (see Fig. S9 [33] for similar
results of three more single CsPbl; NCs), it is feasible to
generate polarization-entangled photon pairs from a single
CsPbl; NC in future works. To accomplish this challenging
goal, the system spectral resolution has to be optimized to
be better than ~20 ueV for a precise removal of the exciton
fine-structure splitting, which is the narrowest PL linewidth
currently available for single CsPbBry [21] or CsPbl;
[22,60] NCs.

To summarize, we have applied external electric fields to
single perovskite CsPbl; NCs with a weak quantum
confinement, showing that they can serve as a very
sensitive nanomaterial for the electro-optical modulation
applications. Meanwhile, the PL peak of a single CsPbl;
NC demonstrates an asymmetric shift under the positive
and negative electric fields, from which the existence of a
permanent dipole moment can be deduced. This permanent
dipole moment is proposed to originate from the surface
stress that is capable of reducing the crystal symmetry by
creating the hydrostatic strain, which should also be
applicable to other semiconductor perovskites to influence
their optical processes in practical optoelectronic devices.
We have also shown that the external electric fields can be
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employed to completely remove the fine-structure splittings
for both single excitons and biexcitons, thus preparing a
very fundamental ingredient for realizing polarization-
entangled photon pairs measurement on single CsPbl,
NCs. This achievement has marked the smooth transition
of semiconductor colloidal NCs from ensemble optoelec-
tronic devices to single-particle quantum technologies, with
the associated advantages of facile synthesis, low cost,
visible-wavelength emission and easy integration into
various optical structures.
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