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ABSTRACT: Colloidal CdSe quantum dots (QDs) designed
with a high degree of asymmetric internal strain have recently
been shown to host a number of desirable optical properties
including subthermal room-temperature line widths, suppressed
spectral diffusion, and high photoluminescence (PL) quantum
yields. It remains an open question, however, whether they are
well-suited for applications requiring emission of identical
single photons. Here we measure the low-temperature PL
dynamics and the polarization-resolved fluorescence line
narrowing spectra from ensembles of these strained QDs. Our
spectroscopy reveals the radiative recombination rates of bright
and dark excitons, the relaxation rate between the two, and the energy spectra of the quantized acoustic phonons in the QDs
that can contribute to relaxation processes. In comparison to conventional colloidal CdSe/ZnS core/shell QDs, we find that in
asymmetrically strained CdSe QDs over six times more light is emitted directly by the bright exciton. These results are
therefore encouraging for the prospects of chemically synthesized colloidal QDs as emitters of single indistinguishable
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INTRODUCTION

Semiconductor quantum dots (QDs) are a proven materials
platform for applications requiring single-photon emission."”
Furthermore, recent work has demonstrated significant
progress toward the use of QDs as on-demand sources of
single photons that are quantum mechanically indistinguish-
able (i.., identical in all degrees of freedom), an essential
ingredient in many quantum communication and sensing
proposals. Particular success has been achieved with self-
assembled III-V QDs grown by molecular-beam epitaxy,
especially when such QDs are integrated into photonic cavities
that accelerate spontaneous exciton emission rates (via the
Purcell effect) in comparison to exciton relaxation and
dephasing rates that arise from undesired coupling to the
surrounding environment (e.g, phonons, electrostatic noise,
local electronic and nuclear spin fluctuations, etc.).*”°
Colloidal semiconductor QDs made by synthetic chemistry,
which feature widely tunable emission wavelength and high
photoluminescence (PL) quantum yields, also perform very
well as emitters of single photons.””'> However, achieving
single-photon indistinguishability with colloidal QDs presents
a more substantial challenge and has historically been hindered
by spectral instability, emission intermittency (blinking), and
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fast exciton dephasing due to phonon coupling and
interactions with surface defects, all of which limit their
suitability for many quantum photonics applications. For
example, intensity fluctuations in colloidal QDs are typically
ascribed to random charging/discharging events, which in turn
lead to activation/deactivation of nonradiative Auger recombi-
nation and fluctuating nonradiative decay channels."*™"”
Furthermore, spectral fluctuations are typically explained by
interactions with the fluctuating electrostatic environment,
which affects exciton energies through the Stark effect.'¥'” In
this context, a noteworthy advance was the development of
colloidal CdSe QDs with thick CdS shells,”**" which largely
mitigated PL intermittency due to suppression of Auger
recombination channels and improved isolation of the emitting
exciton state from the fluctuating environment.
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More recently, a new class of asymmetrically strained
colloidal QDs having CdSe cores enclosed by compositionally
graded Cd,Zn,_,Se shells were shown to exhibit spectrally
stable emission and subthermal line widths at room temper-
ature.”>** These advantageous properties originate from the
nearly ideal local charge neutrality of the emitting exciton state,
that is, the nearly perfect spatial overlap of electron and hole
envelope wave functions in the QD. This results in reduced
coupling to polar vibrations (and hence, narrow line width)
and suppressed interactions with external fluctuating charges
(and, hence, stable emission wavelength). However, the
suitability of these asymmetrically strained CdSe QDs as
robust sources of identical photons has not been established, in
part because their intrinsic radiative emission rates and
nonradiative relaxation channels were not studied in detail.
These critical properties depend on the interplay between the
exciton’s underlying fine structure (comprising optically
allowed “bright” and nominally forbidden “dark” states) and
the coupling of bright excitons to lattice vibrations (phonons),
surface states (created by, for example, danghng bonds), and
the surrounding electrostatic environment.”* ™"

To address these gaps, here we measure the temperature-
dependent PL dynamics (i.e., PL kinetics) and the polarization-
resolved fluorescence line narrowing (FLN) spectra from
ensembles of asymmetrically strained colloidal QDs. These
studies reveal the bright and dark exciton states, their intrinsic
radiative emission rates, the relaxation rate between the two
states, and the energy spectra of the quantized acoustic
phonons. Interestingly, the thermal activation of dark exciton
PL occurs on energy scales of approximately 2—3 meV, which
is substantially larger than the lowest-energy acoustic phonon
modes of the QDs that are directly observed in FLN spectra.
Most importantly, we find that in asymmetrically strained
CdSe QDs the fraction of all light that is emitted directly by
the bright exciton is considerably larger (accounting for 39% of
all emitted photons) in comparison with conventional CdSe/
ZnS core/shell colloidal QDs (6.4% of all emitted photons),
which is very encouraging for their potential use as emitters of
single indistinguishable photons.

RESULTS AND DISCUSSION

The inset of Figure 1a shows a schematic of the asymmetrically
strained core/shell QDs studied in this work, which were
synthesized by a multistep continuous-injection protocol
developed recently.”>*> Asymmetric compression of the
wurtzite CdSe core is achieved by coating the core with a
Cd,Zn,_,Se shell, where x is continuously graded from 1 at the
core surface to O at the shell periphery (for this reason,
hereinafter we refer to these structures as “cg-QDs”).
Continuous grading avoids strain-relieving lattice defects and
associated dangling bonds, and the nonuniform strain profile
originates from the directionally asymmetric lattice mismatch
between CdSe and ZnSe.”” Additional thin shells of wide-gap
ZnSe;sSys and ZnS are then grown to enhance QD stability
(see Materials and Methods and also Supporting Information).
These cg-QDs exhibit type-I band alignment, with both
electron and hole strongly localized in the CdSe core. Figure
la shows the absorption and PL spectra from a typical
ensemble of these cg-QDs at room temperature. Asymmetric
compression further increases the splitting between the heavy-
and light-hole valence bands in the wurtzite CdSe core, leading
to a characteristic double-peaked absorption of the band- edge
exciton that is clearly resolvable even in ensemble spectra.
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Figure 1. (a) Room-temperature absorption and photolumines-
cence (PL) spectra from asymmetrically strained, compositionally
graded CdSe/Cd,Zn,_,Se/ZnSe,sSys/ZnS QDs (“cg-QDs”). The
emitting wurtzite core is asymmetrically compressed due to
anisotropic lattice mismatch with the surrounding shell. These
cg-QDs have 5.2 nm diameter CdSe cores (on average) and ~6 nm
thick shells. (b) Room-temperature absorption and PL spectra of
conventional CdSe/ZnS colloidal QDs that have a sharp interface
between the core and shell (“si-QDs”). These CdSe cores have 3.4
nm diameters, and the ZnS shells are ~1 nm thick.

For the purposes of direct comparison with the cg-QDs, we
also perform the same measurements on reference ensembles
of conventional CdSe/ZnS core/shell QDs. As depicted in
Figure 1b, these QDs have a sharp interface between the CdSe
core and the ZnS shell and are henceforth called “si-QDs”.
Figure 1b shows typical room-temperature absorption and PL
spectra from these conventional si-QDs. Importantly, these si-
QDs also exhibit type-I band alignment (in contrast to, for
example, CdSe/CdS structures), and as shown below, they
exhibit a similar bright—dark exciton splitting as cg-QDs,
making them suitable control samples. Low-temperature PL
spectra from both cg-QDs and the control si-QDs are shown in
the Supporting Information.

For measurements at low temperatures, the QDs were
prepared as high-optical-quality slabs of QD/PLMA composite
[where PLMA is poly(lauryl methacrylate)] and were mounted
in the variable-temperature insert of an optical cryostat. PLMA
provides a “soft” host matrix and therefore a large acoustic
impedance mismatch with the comparatively “stiff” QD, which
improves the visibility of acoustic phonon modes as shown
below. Nonresonant time-resolved PL measurements, and also
fluorescence line narrowing studies, were performed at low
temperatures down to 2.2 K (see Materials and Methods).

Figure 2 shows PL decays from both the cg-QDs and the
control si-QDs. At low temperatures, we observe a fast initial
drop, followed by a much slower decay on longer time scales.
Qualitatively, low-temperature PL decays exhibiting an overall
two-component relaxation are routinely observed for colloidal
[I-VI QDs.”>* In the opposite limit of high temperatures,
the PL decays are monoexponential and largely independent of
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Figure 2. (a) Inset: Energy level diagram depicting the lowest
optically allowed |A) and optically forbidden IF) exciton states (i.e.,
the bright and dark excitons) and possible recombination/
relaxation pathways. Main figure: Time-resolved PL decays,
normalized by total area, from cg-QDs (black trace) and si-QDs
(blue trace), at high temperature. The decays are monoexponen-
tial, from which the bright exciton radiative rate I'y can be
determined (see main text). (b) Same, but at low temperature (2.5
K). The fast initial relaxation decays with a combined rate I';, + 7,,
where 7, is the zero-temperature bright—dark relaxation rate. The
slow decay rate I'; from the forbidden dark exciton state is much
longer compared to other rates. For cg-QDs and conventional si-
QDs, the fraction of the total emission from bright excitons, I'y/
(Ty + 70), is 39% and 6.4%, respectively. This significant
enhancement is due to the faster emission rate and the 4-fold
reduction of ¥, in the cg-QDs.

temperature. These behaviors can be rationalized by
considering the underlying energy level structure (ie., the
“fine structure”) of the band-edge exciton.

As is very well established, the exciton fine structure in
colloidal wurtzite CdSe QDs arises from the combined effects
of the QD’s crystal/shape anisotropy and the confinement-
enhanced exchange interaction between the spin-1/2 electron
and the angular-momentum-3/2 hole.””*'~* These effects lift
the 8-fold degeneracy of the exciton, such that the lowest-
energy exciton state has net angular momentum projection |
along the QD’s wurtzite ¢ axis of either | = +2 (for most quasi-
spherical QDs) or J = 0 (for highly prolate or rod-like QDs).
Both states are nominally forbidden from direct radiative
recombination within the electric dipole approximation and are
therefore optically “dark”. Typically residing just a few
millielectronvolts above this dark ground state exciton are
optically allowed “bright” exciton states with | = +1. The other
exciton fine structure levels are higher in energy and therefore
play a much smaller role in the PL dynamics.

The minimal energy level diagram from which the PL
dynamics can be readily understood is shown in the inset of
Figure 2a. Bright excitons in the lowest optically allowed level

|A) can radiatively recombine with intrinsic radiative rate I',. In
contrast, dark excitons in the nominally forbidden state |F) at
even lower energy can only undergo assisted radiative
recombination, with much slower rate I';. The energy
separation between the bright and dark states is given by A
and is related to electron—hole exchange, crystal field splitting,
and shape anisotropy. Exciton relaxation and scattering from
the bright to dark levels, captured here by the rate y,, requires a
spin-flip of the electron or hole and is mediated by interactions
with the environment in or surrounding the QD, typically by
the coupling of excitons to low-energy acoustic phonon modes
of the QD itself and to dangling bonds at the QD surface or at
the core/shell interface(s). The zero-temperature relaxation
rate y, is an especially important parameter that, in general,
one aims to minimize in single-photon emitters, since it
represents a nonradiative relaxation/dephasing pathway for
bright excitons. To maximize the amount of light that bright
excitons can emit within their characteristic relaxation time, we
therefore seek an ideal regime where y, <I',. (Note that in the
diagram yy, is a temperature-dependent rate that thermalizes
bright and dark states at elevated temperatures; it vanishes in
the limit of low temperature.)

The three-level model shown in Figure 2a is widely used to
capture the essential trends of temperature-dependent PL
dynamics in colloidal QDs.***%*73%%~% Y imiting-case
behaviors can be readily understood: At very low temperatures,
the slow PL decay rate on long time scales is given simply by
'y, while the faster initial decay is given by Iy + 7, (note that
7w is negligible at low temperature). In the opposite limit of
high temperatures, excitons are effectively thermalized across
all bright and dark states, and the decays are monoexponential
and independent of temperature, with an approximate rate
I',/2 (here we assume that bright and dark states have
identical degeneracy factors).

For both the cg-QDs and the reference si-QDs, the rates I',
I's, and y, can therefore be directly inferred from the PL
dynamics in the high- and low-temperature limits. As shown in
Figure 2a, the PL decays at high temperatures are indeed
monoexponential as expected; however they are faster for the
cg-QDs in comparison with the conventional si-QDs, in
agreement with initial studies of these asymmetrically strained
QDs.”” From these monoexponential PL decays we determine
the bright exciton decay rate I'? ~ 0.21 ns™" (~4.8 ns decay

time) for the cg-QDs and I, ~ 0.091 ns™' (~11 ns decay
time) for the si-QDs.

The PL decays at low temperatures (Figure 2b) exhibit very
slow relaxation on long time scales from which we determine
['# ~ 00021 ns™' (=500 ns decay) for the cg-QDs and

I &~ 0.0008 ns™' (~1200 ns decay) for the si-QDs. These
values are in line with many earlier studies of slow low-
temperature PL dynamics from optically forbidden dark
excitons in colloidal QDs.**™**

Most importantly, the rapid PL decays on short time scales at
low temperatures, which decay with the rate I'y + ¥, as
discussed above, are nearly three times faster in the
conventional si-QDs as compared to the strained cg-QDs.
Crucially, from these initial decays (and the prior determi-
nation of I'y) we determine y,, the zero-temperature relaxation
rate from bright to dark states. We find that 7,8 = 0.32 ns™'

(23.1 ns decay time) in the cg-QDs and a much faster

7/05i = 1.3 ns™! (~0.75 ns decay time) in the reference si-QDs.
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Figure 3. (a) FLN spectrum of cg-QDs. The pump photon energy is 2.1017 V. (b) Same, but on an expanded scale, showing quantized low-
energy acoustic phonon modes. (c) FLN spectrum of conventional si-QDs. Dark exciton emission is much stronger. The pump photon
energy is 2.1754 eV. (d) Comparing the calculated and measured acoustic phonon energies in the cg-QDs. A table of calculated and
measured acoustic phonon energies for the control si-QDs and an expanded plot of the LO-phonon band in the cg-QDs are given in the

Supporting Information.

This 4-fold difference in y,, together with the faster radiative
recombination rate I'y, means that the fraction of all light
emitted by the bright exciton, I'y /(I'y + 7,), is much larger in
cg-QDs (39%) in comparison with the conventional si-QDs
(6.4%), as shown in Figure 2b. This difference, which exceeds
a factor of six, strengthens the potential of cg-QDs as single-
photon emitters for quantum photonics.

Undesired relaxation and scattering from bright to dark
exciton levels occurs via interaction with the environment, for
example, by coupling of excitons to low-energy acoustic
phonon modes of the QD itself or to unpassivated (dangling)
bonds at core/shell interfaces or at the QD surface. Indeed,
single-QD studies by Werschler et al*’ demonstrated an
increase of the bright—dark relaxation rate y, when the bright—
dark splitting was commensurate with a confined acoustic
phonon energy. It is therefore important to measure and
quantify the energy spectrum of acoustic phonons in our
colloidal cg-QD and si-QD ensembles. To this end, we
performed high-resolution FLN studies at low temperatures
down to 2 K. The QD ensembles were resonantly pumped on
the low-energy side of the band-edge exciton absorption peak
using narrowband light from a cw tunable dye laser. Primarily,
only a small subset of QDs having bright (J = +1%) exciton
absorption energy exactly resonant with the pump laser were
photoexcited,””" and the quasi-resonant emission from this
subset was detected with high spectral resolution.

Figure 3a shows a characteristic FLN spectrum from a cg-
QD ensemble, plotted as a function of the energy shift from
the resonant pump laser. The first longitudinal optical (LO)
phonon replica region is seen at large energy shifts (2535
meV); it contains LO-phonon-assisted emission from bright
and dark excitons as well as emission due to the combination
of LO phonons and various low-energy acoustic phonons.

Crucially, Figure 3b shows an expanded plot of the same
FLN spectrum at small energy shifts, which reveals a highly
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structured emission containing multiple sharp peaks at very
small energy shifts of only a few meV or less. The lowest-
energy peak lies only 0.46 meV away from the pump laser,
followed by additional peaks at 0.87, 1.36, and 2.04 meV. As
discussed below, these peaks correspond to the calculated
energies of the quantized acoustic phonon (vibrational) modes
of the cg-QDs. Their visibility in the ensemble FLN spectrum
derives from the high degree of acoustic impedance mismatch
between the QDs and the comparatively “soft” surrounding
PLMA composite. This allows us to consider the QDs as
elastic spheres with free (unclamped) boundaries and use a
standard Lamb theory”” to calculate the energies of the
expected acoustic phonon modes in these QDs.

Within Lamb’s model, acoustic modes of a homogeneous
sphere are characterized as spheroidal or torsional and are
described by the angular and principal quantum numbers (],
p), where [ is the number of angular nodes and p — 1 is the
number of radial nodes. Typically, only the spheriodal modes
couple to electronic transitions.””>> A complete solution of the
mode energies, particularly as applied to spherical semi-
conductor quantum dots, depends on the transverse and
longitudinal sound speeds in the material and has been
discussed broadly in the literature.”>>"**~>° The energies of all
(I, p) modes scale inversely with the total diameter of the
quantum dot. We model these cg-QDs as uniform elastic
spheres with 16 nm net diameter, which corresponds closely to
the typical dimensions of these cg-QDs and composition-
weighted average longitudinal and transverse sound velocities
of 441 and 2.03 km/s, respectively. Using these values we
calculate that the lowest-energy spheroidal vibration is the
(2,1) mode with energy 0.44 meV. The next I = 2 spheroidal
mode is (2,2) with energy 0.85 meV [this mode is nearly
degenerate with the spheroidal (4,1) mode]. These calculated
energies correspond closely to the experimentally measured
values of 0.46 and 0.87 meV, respectively. Figure 3d shows a
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more complete comparison of measured and calculated values.
Interestingly, the calculated energy of the lowest | = 0
spheroidal mode, which is the (0,1) pure breathing mode, is
1.022 meV, for which the data do not clearly evince a discrete
peak. Overall, these data concur very well with the series of | =
2 discrete acoustic phonon modes [and also the absence of any
clear (0,1) mode] that was observed in studies of single CdSe/
CdS/PMMA nanoparticles by Werschler et al.*

In comparison, Figure 3¢ shows a FLN spectrum from the
reference ensemble of si-QDs, which were also embedded in
PLMA. This FLN spectrum is characteristic of conventional
CdSe QDs,***3%313% in that it shows a broad and well-
resolved emission peak that is clearly separated from the pump
laser (by about 7 meV in this case), along with its strong CdSe
LO phonon replica located ~26 meV lower in energy.
Following the usual interpretation, the broad peak at 7 meV
is associated with the “zero-phonon line” from dark excitons;
however this peak may be further red-shifted at these low
temperatures by magnetic polaron-like effects arising from
dangling bonds at the core—shell interface or QD surface.”
Temperature-dependent FLN spectra of these si-QDs do
indicate a red-shift with decreasing temperature (Supporting
Information). At small energy shifts (<3 meV), additional
sharp peaks corresponding to discrete acoustic phonon modes
are observed. As discussed above, their visibility in ensemble
spectra is likely due to the acoustic isolation provided by the
surrounding PLMA composite. The two most prominent peaks
are 1.16 and 2.45 meV away from the pump laser. Assuming
these si-QDs have net diameters of 5.8 nm (corresponding to
3.4 nm diameter cores and 1.2 nm thick shells), these values
are in quite reasonable agreement with the calculated energy of
the lowest energy spheroidal (2,1) mode of 1.25 meV, and the
energies of the nearly degenerate (2,2) and (4,1) acoustic
modes (2.40 and 2.45 meV, respectively).

It is evident from Figure 3a and c¢ that asymmetrically
strained cg-QDs exhibit markedly different FLN spectra as
compared to conventional si-QDs. Most notably, the ratio of
dark exciton emission intensity in comparison to the acoustic
phonon replicas from the resonantly pumped J = +1° bright
excitons is much smaller in cg-QDs. Indeed, signatures of dark
exciton emission in the FLN spectrum from the cg-QDs are
not immediately apparent in Figure 3a,b, because they are
weak and are obscured by the much stronger acoustic phonon
replicas of the bright exciton. This difference in FLN spectra is
qualitatively consistent with the marked difference in their PL
dynamics (discussed above, cf. Figure 2), where cg-QDs were
found to emit over six times more light from bright excitons in
comparison with si-QDs.

At this point it is natural to ask whether the acoustic phonon
energies directly measured by FLN are related to the activation
energy that is commonly inferred from the temperature
dependence of the long-lived PL lifetime. It is well established
that the slow PL lifetime from colloidal QDs accelerates
significantly with increasing temperature.”**>*”* In early
experiments, this variation was usually ascribed to the thermal
activation of long-lived dark excitons to the higher-lying short-
lived bright levels, a consequence of the exciton fine structure
and the energy splitting A between the lowest dark and bright
states. However, the measured activation energies deduced
from temperature-dependent PL lifetimes studies were
typically much smaller (only 1—5 meV, depending on QD
size) than the expected bright—dark splittings A (2—20 meV,
depending on the QDs’ size).”**”*” These findings prompted

suggestions that the relevant activation energy scale might
instead be related to interactions with dangling bonds** or with
the quantized acoustic phonon modes of the QDs
themselves.””***”%" Studies of different QD sizes have
shown an appealing correlation between the measured
activation energies and the calculated acoustic phonon
energies.37’46’60

We therefore compare our directly measured acoustic
phonon energies with the activation energy inferred from
temperature-dependent PL (Figure 4). In accordance with past
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Figure 4. (a) PL decays from cg-QDs at different temperatures. (b)
Measured decay rate of the long-lived PL decay vs temperature
(points). Red line shows a fit to the data, from which a
characteristic activation energy can be inferred. Corresponding
fits to the si-QDs are shown in the Supporting Information.

works, here we assume only a thermal (Boltzmann)
distribution of excitons between a long-lived dark state (with
slow radiative rate I'y) and a higher-lying fast state (with fast
radiative rate I',). As derived previously,”**”*” in this case the
net PL decay rate " can be expressed as I' = (I'y + e,/
(1 + eF), where E is the activation energy and ' = kT is
the thermal energy. Interestingly, these temperature-dependent
lifetimes reveal an activation energy E ~ 2.4 meV, which
substantially exceeds the measured energy of the lowest (2,1)
and (2,2) acoustic phonon modes in these cg-QDs and also the
(0,1) acoustic breathing mode. For the si-QDs, a similar
analysis of PL lifetimes yields E ~ 3.0 meV, which again
exceeds the lowest (I = 2) acoustic phonon modes discussed
above, but is roughly commensurate with the expected (0,1)
mode in QDs of this size (see Supporting Information for
details). While consideration of acoustic phonon coupling to
excitons is undoubtedly important for the photophysics of
colloidal QDs,”**”%" our direct experimental comparison
between thermal activation energies and measured acoustic
phonon energies indicates that the lowest-energy vibrational
modes of QDs may not always represent a principal activation
pathway.

Returning to FLN spectra, we highlight two additional
noteworthy aspects. The first is that evidence for dark excitons
in the cg-QDs can be observed by scanning the resonant pump
laser through the ensemble’s broad band-edge absorption peak.
Tuning the pump laser to lower/higher photon energy
preferentially photoexcites subsets of QDs with slightly
larger/smaller CdSe cores, respectively. The core size
determines the confinement and therefore the electron—hole
exchange energy, which in turn affects the bright—dark
splitting."** Figure Sa and b show examples of FLN spectra
and the measured energies of the FLN peaks as the pump laser
energy is varied. Low-energy acoustic phonon energies change
very little, because their energies are determined by the overall
size of the QD (core + thick graded shell). However, the
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Figure 5. (a) FLN spectra of a cg-QD ensemble, at different
resonant pump laser energies indicated in the legend, at T = 2.5 K.
(Note: these cg-QDs have a smaller net radius than those studied
in Figure 3 and therefore larger phonon energies.) (b) Extracted
energy shifts of the FLN peaks (x-axis) as the photon energy of the
pump laser (y-axis) is varied. (c) Co- and crossed-polarized FLN
spectra from conventional si-QDs. At 2.5 K, dark exciton PL (and
its LO-phonon replica) are polarized orthogonal to the bright (J =
+1%) exciton that is resonantly excited by the linearly polarized
pump laser. By 20 K, the emission becomes collinearly polarized.
(d) Same, but for cg-QDs. Preferentially cross-polarized emission
is barely evident, except for the lowest temperatures and at the
largest energy shift.

spectra do show a peak that shifts noticeably with pump
photon energy, in the range of approximately 3 meV. We
tentatively identify this peak with dark exciton emission in the
cg-QDs. We note that a related analysis was recently
performed on CdSe/CdS dot-in-rods.> This dark exciton
energy is less than the zero phonon line energy observed in si-
QDs, but this difference is strongly influenced by a greatly
reduced coupling to dangling bonds in cg-QDs (and
consequent magnetic polaron effects), because the graded
core—shell interface reduces the number of defects and
dangling bonds.

A second noteworthy aspect is the dependence of the FLN
spectra on linear polarization. In conventional si-QDs, at very
low temperatures (2.5 K), quasi-resonant PL detected with
linear polarization orthogonal (crossed) to the pump laser
polarization is substantially larger than for the case of collinear
detection, for both the dark exciton emission and its optical
phonon replica (see Figure Sc). However, by 20 K the effect is
reversed, and the co-polarized FLN spectrum is more intense
than the cross-polarized spectrum. This interesting behavior,
which was also inferred in early studies of conventional
colloidal QDs,*”*" is related to the underlying mechanisms of
dark exciton emission. As discussed recently by Rodina and
Efros,”' emission from dark states can be cross- or collinearly

polarized (with respect to the J = +1" bright exciton dipole
that was resonantly pumped), depending on whether the
emission was assisted by phonons or by dangling bonds,
respectively. These FLN spectra of si-QDs suggest that
phonon-assisted mechanisms dominate at the lowest temper-
atures. In contrast, however, such a marked temperature
variation is much less evident in the FLN spectra from cg-QDs
(Figure Sd), where cross-linear emission is only very slightly
larger at 2.5 K at the largest energy shifts. This behavior is
again consistent with greatly reduced emission from dark
excitons (in comparison to bright excitons) in the cg-QDs, as
initially revealed by the PL decays shown in Figure 2 and by
the much smaller value of y, that was revealed in cg-QDs.

Taken together, both the low-temperature PL decays and
the detailed FLN spectra indicate that asymmetrically strained
cg-QDs emit over six times more light from bright excitons, in
comparison with conventional si-QDs. This difference is
attributed to the much slower bright—dark relaxation rate ¥,
in cg-QDs and their faster bright exciton radiative rate I'y. The
latter results from the asymmetric strain on the CdSe core,
which further separates valence band levels and increases the
oscillator strength of the J = +1F bright exciton transition
dipole.*" In this regard, future spectroscopic studies of single
cg-QDs, particularly in applied magnetic fields, should help to
identify the nature and energy structure of the exciton levels.
Both cg-QDs as well as conventional si-QDs exhibit bright—
dark splittings that exceed the lowest acoustic phonon energies
in the nanocrystals, and thus it is not clear that the coupling of
bright excitons to acoustic phonons should be markedly
different in the two classes of QDs. On the other hand,
coupling of excitons to dangling bonds and to a fluctuating
electrostatic environment is greatly reduced in cg-QDs as
compared to si-QDs, not only because of the local charge
neutrality of the exciton itself but also because the
continuously graded shell mitigates the formation of lattice
defects, charge traps, and unpassivated bonds near the exciton
wave function in the CdSe core. In these studies, it is difficult
to gauge the importance of dangling bonds in the cg-QDs and
their role in bright—dark exciton relaxation, precisely because
the dark exciton emission is so weak in FLN spectra (in
comparison to si-QDs). Once again, detailed polarization-
resolved studies in high magnetic fields should provide critical
insight.

CONCLUSIONS

In summary, our measurements demonstrate that bright
excitons in cg-QDs emit much more light (39%), in
comparison to ensembles of conventional core/shell si-QDs
(6.4%). This marked enhancement derives from the enhanced
emission rate and the 4-fold suppression of the bright—dark
relaxation rate y, in cg-QDs, which is due to a suppressed
coupling to environmental fluctuations. This enhancement
bodes well for their future promise as sources of quantum
mechanically indistinguishable single photons, where each
photon is emitted from the same unperturbed bright exciton
state in the QD. Interferometric measurements will of course
be necessary to confirm this possibility. Additional enhance-
ment of the bright exciton emission in cg-QDs may be possible
by incorporating them into photonic structures and cavities
that further accelerate radiative recombination due to the
Purcell effect and which can be tuned to suppress nonresonant
emission modes, as demonstrated previously for epitaxially
grown QDs.

https://doi.org/10.1021/acsnano.1c03864
ACS Nano 2021, 15, 14444—14452


https://pubs.acs.org/doi/10.1021/acsnano.1c03864?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c03864?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c03864?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c03864?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c03864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

MATERIALS AND METHODS

Materials and Synthesis. Asymmetrically strained and composi-
tionally graded colloidal CdSe/Cd,Zn,_.Se/ZnSeySos/ZnS QDs
were chemically synthesized by a continuous-injection protocol
described recently by Kozlov et al.** and as detailed in the Supporting
Information. The continuously graded Cd,Zn,_,Se shell mitigates
strain-relieving lattice defects and dangling bonds near the CdSe core
and also provides the asymmetric strain profile on the CdSe core due
to the directionally asymmetric lattice mismatch between CdSe and
ZnSe. For synthesis of the conventional sharp-interface CdSe/ZnS
QDs, care was taken to avoid any compositional grading. Therefore,
we synthesized stoichiometric wurtzite CdSe cores and overgrew ZnS
shells using very reactive Zn and S precursors Zn(C,H;), and
[(CH,),Sil,S. Room-temperature PL and absorption spectra were
obtained on liquid solutions of these QDs. For optical spectroscopy
studies at low temperature, the QDs were prepared as high optical
quality PLMA composites. In washing the QDs, we aimed to remove
excess precursors from the QDs but keep surface ligands intact, so as
to provide a “soft” acoustic interface between the QDs and the PLMA,
which allows us to consider the QDs as elastic spheres with free
boundary conditions.

Time-Resolved Photoluminescence. The QD-PLMA compo-
site samples were mounted in the variable-temperature insert (2—300
K) of a helium cryostat with direct optical access. Nonresonant time-
resolved PL was measured by time-correlated single-photon counting,
using 80 ps pulses from a 3.1 eV pulsed diode laser as the excitation
source. The excitation was very weak (<S50 yW average power, ~1
mm spot diameter), corresponding to the subsingle exciton/QD
regime, as indicated by the lack of biexciton signatures in the PL
dynamics. The emitted PL was spectrally dispersed in a 500 mm
spectrometer and detected by a multichannel plate photomultiplier
tube. Only a narrow (~1 nm wide) band at the PL peak was used to
measure the PL decays. The net instrument response time was
approximately 100 ps.

Fluorescence Line Narrowing. Also known as “resonant PL”,
FLN measurements were performed using a continuous-wave
narrowband dye laser as a tunable excitation source, at temperatures
down to 2.2 K. As above, the excitation light had low average power
and was weakly focused on the sample (<500 yW, ~1 mm spot
diameter). Excitation and detection beam paths were separated by
approximately 10 degrees, so as to avoid collection of the specularly
reflected excitation light. Polarization optics in both the excitation and
detection beam paths allowed to detect co- and crossed-linear
configurations. The emitted PL was dispersed in the same 500 mm
spectrometer and detected by a liquid-nitrogen-cooled charge-coupled
device.
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