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Control of the photoluminescence lifetime of quantum dots

by engineering their shell structure
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Quantum dots (QDs) are semiconductor nanocrystals with outstanding photoluminescence (PL) characteristics:
a PL quantum yield as high as 100%, a small PL emission bandwidth, and a high emission brightness. Due to
these properties, QDs have a wide range of prospective applications in optoelectronics, quantum technologies, and
biomedicine. The PL lifetime is one of the most important characteristics of QDs and a crucial parameter for their
applicability in many specific areas of science and technology. Although this characteristic varies widely for QDs
of different chemical compositions and structures, the most common type of QDs based on CdSe cores rarely has
a lifetime longer than 30 ns. In this study, an effective method for increasing the QD PL lifetime is proposed. This
method consists in the formation of a gradient shell on the surface of CdSe cores, which creates a potential well
for excited charge carriers. This approach makes it possible to fabricate QDs with an average PL lifetime of about
100 ns, which is more than three times higher than this parameter for the best samples of such materials reported

in the literature.
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Introduction

Semiconductor fluorescent nanocrystals (quantum dots,
QDs) are essential both for fundamental multidisciplinary
research and for practical applications in various branches
of science and technology. Their unique properties, which
are attributable to the quantum size effect [1,2] and a
small physical size, include high quantum yields (QYs)
of photoluminescence (PL), narrow PL emission spectra,
the possibility to excite PL in a wide spectral window, a
high emission brightness, large cross sections of two-photon
absorption, and photostability under intense and long-term
irradiation. Most progress has been made recently in
optoelectronic (e.g., displays and light-emitting diodes [3,4])
and biomedical QD applications [5-8]. The possibility of
altering the PL properties of QD by fabricating hybrid
plasmon—exciton systems based on them [9] or introducing
QDs into various types of microcavities [10,11] also attracts
researchers’ interest.

The average PL lifetime, which characterizes the effi-
ciency of radiative recombination and reflects various PL
quenching processes and channels of nonradiative energy
transfer [12], is one of the key parameters of QDs. Different
types of QDs have PL lifetimes that differ by several orders

of magnitude: for example, QDs based on CdSe cores have
a characteristic PL lifetime of 20—30 ns, while this value for
PbS-based QDs may reach several us [13]. This variation of
PL lifetimes may be used in experiments on time-resolved
cell imaging [14] to separate reliably the effective signal
from autofluorescence of tissues. At the same time, the
mixing of QDs of different compositions in experiments of
this kind may induce side effects related to the differences
in their toxicity, photostability, efficiency of excitation, or
surface properties [15]. Although QDs based on a single
material are preferable for such experiments, it often proves
impossible to achieve wide PL lifetime variations in this
case.

The field of quantum technology has enjoyed rapid
progress in recent decades. A quantum bit (qubit) is the
basic unit of quantum data. Photonic qubits are used in
the majority of modern quantum informatics protocols [16].
Light sources for quantum informatic applications (quantum
emitters, QEs) need to have certain photon statistics. The
parameters most important for an ideal QE are high purity
of single-photon emission, indistinguishability of photons,
high operation speed, and high brightness. Current QE
development efforts are focused on cold atoms and ions,
superconducting circuits, solid-state sources (e.g., emission
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centers in diamonds), and QDs [17]. Although QDs are
promising materials for single-photon QEs, nanocrystals
based on CdSe cores, which are the most efficient in terms
of their key optical properties, have relatively short PL life-
times, which make them ill-suited for quantum computation
(owing to their correspondingly short coherence times).
Thus, an enhancement of the PL lifetime of QDs based
on CdSe cores is likely to have a beneficial effect on the
prospects of these materials in quantum technology.

Ghosh et al. [18] provide a striking illustration of the
possibility to adjust the QD PL lifetime. It has been demon-
strated that the PL lifetime in a CdSe/CdS system increases
sharply due to carrier delocalization in the shell when a
threshold shell volume is reached. An approximately two-
fold PL lifetime enhancement and the related suppression of
blinking are achieved only when the shell volume reaches a
level of ~ 750 nm?3, which corresponds to a QD diameter in
excess of 11 nm.

In the present study, an alternative approach to control
over the PL lifetime of QDs based on CdSe cores, which
involves the formation of a gradient shell that produces a
potential well for excited charge carriers, is proposed. This
shell structure has an advantage over a thick shell with a flat
potential in allowing a more efficient exciton delocalization,
which provides an opportunity to raise the QD PL lifetime
by a factor of more than 3 while keeping the nanocrystal
volume below 750 nm?.

Experimental

Materials

The following materials were used to synthesize QDs:
cadmium oxide (99.5%), zinc oxide (99.99%), 1-octadecene
(ODE, 90%), oleylamine (OA, 70%), selenium (99.5%),
thiourea (> 99.0%), trioctylphosphine (TOP, 97%), tri-
octylphosphine oxide (TOPO, 99%), 2-ethylhexanoic acid
(2-EHA, 99%), trioctylamine (TOA, 98%), triglyme (99%),
and anhydrous solvents (chloroform, n-hexane, and methyl
acetate). All these reagents were purchased from Sigma-
Aldrich. n-Hexadecylphosphonic acid (HDPA, 97%) was
purchased from PlasmaChem GmbH. All reagents were
used without further purification.

Synthesis

The synthesis of QDs with the
CdSe(core)/ZnS/CdS/ZnS(multilayer ~ shell)  structure
(CdSe/MS) was discussed in detail in [19]. The production
of these QDs and QDs with a gradient shell started
with the injection synthesis of CdSe cores in an ODE
medium, with trioctylphosphine selenide and cadmium
n-hexadecylphosphonate used as precursors. The precursor
and reaction medium residues were removed from the
surface of the synthesized cores by gel permeation
chromatography [20], and the cores were then treated with
OA and introduced into the medium for shell deposition
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(a mixture of ODE and OA at a volume ratio of 1:1).
Shells were grown by the layer-by-layer method at a
temperature of 165—180°C, with a solution of thiourea in
triglyme and zinc and cadmium 2-ethylhexanoates used as
precursors. Precisely measured amounts of the precursors
for growth of each shell layer were added automatically
with syringe pumps. The reaction time for each monolayer
fell within the range of 10—60 min. When the synthesis was
complete, QDs were isolated from the reaction medium
by precipitating the colloidal solution with methyl acetate
and subsequent centrifugation. The QDs were then rinsed
additionally with various combinations of solvents and dried
in a mixture with TOPO, which served as an inert matrix.
Prior to measurements, excess TOPO was removed from
the samples, and solutions of QDs in different solvents were
prepared.

Instrumental methods

Quartz cuvettes with an optical path length of 10 mm
were used to record the absorption and PL spectra of QD
solutions with a Cary 60 (Agilent, United States) and a Cary
Eclipse (Agilent, United States) spectrometers, respectively.
Chloroform and n-hexane were used as solvents for these
measurements. The QY of photoluminescence was mea-
sured relative to the Rhodamine 6G dye (with a QY of 0.95)
in accordance with the procedure detailed in [21]. The
optical densities of the solutions at the excitation wavelength
were kept below 0.1 so as to avoid internal filtering.

Transmission electron microscopy (TEM) studies were
performed using a JEOL JEM-2100F (JEOL, Japan) micro-
scope at an accelerating voltage of 200kV. The samples for
them were prepared by depositing 5 ul of a solution of QDs
in toluene onto copper meshes for microscopy (200 mesh)
coated with amorphous carbon and Formvar polymer layers.

Time-resolved studies of QD PL were carried out using
a setup consisting of a pulsed picosecond laser with a
radiation wavelength of 405nm (PicoQuant, Germany), a
Taiko laser driver (PicoQuant, Germany), an avalanche
photodiode (MPD), a PicoHarp 300 multichannel single-
photon counting system (PicoQuant, Germany), an M266
monochromator (Solar Laser Systems, Belarus), and an
HR2000+ modular spectrometer (Ocean Optics, United
States). A laser with a pulse repetition rate of 10kHz
and a pulse power of 18uW was used to excite the
solutions of samples in n-hexane. PL decay curves for time-
resolved PL spectra were recorded with a fixed exposure
time (15min), a resolution of 512ps, and a transmission
wavelength varying within the 500—650 nm interval with
a step of 10nm. The obtained data set was subjected
to mathematical processing to find the base line of each
curve. Kinetic data were then converted into PL spectra
by interpolating the PL signal intensity values from time-
resolved curves at a given time point from the moment of
the maximum signal intensity at 560 nm, which was fixed
for all kinetic curves and was assumed to be the origin of
time, to a time of 1000 ns in 25 ns steps.
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Figure 1. Schematic diagram of the QD structure and the results of TEM studies of CdSe/gradient MS (gr-MS) QDs. (a) Schematic
structure and energy diagrams of QDs with a CdSe core and a ZnS/CdS/ZnS shell with a thickness of 3 monolayers (CdSe/MS) and QDs
with a gradient shell with an overall thickness of 10 monolayers (CdSe/gr-MS); () TEM image of a CdSe/gr-MS QD sample.

Results and discussion

As a noted above the average PL lifetime of CdSe-based
QDs normally does not exceed 20—30mns. Specifically,
the PL lifetime in studies reporting successful synthesis
of QDs with a PL QY close to 100% (see, e.g, [22])
is 32 ns. This value was raised to 37 ns when a thick gradient
CdxZn;_«S shell was deposited onto CdSe cores [23]. A
CdS shell thicker than 10 monolayers deposited onto CdSe
cores allows strong delocalization of excited charge carriers
between the core and the shell, thus enhancing the PL
lifetime [18]. It was demonstrated in the cited paper that
the average PL lifetime increased to about 65ns when a
threshold shell volume of ~ 750nm? was exceeded; the
maximum value of 152 ns was achieved in experiments with
QDs with a core diameter of 3.0nm and 20 CdS shell layers.
Thus, such a significant lifetime enhancement required the
use of QDs with an overall diameter above 17nm. It is
also important that the transition to long PL lifetimes is
accompanied by a significant suppression of blinking [18].

Our approach to extending the QD PL lifetime differs
from the ones proposed in earlier studies and consists
in creating a conformal CdSe shell that has a gradient
structure with the chemical composition varying gradually
as ZnS—CdS—ZnS (Fig. 1,a), around the CdSe core.
We assume that this should help produce a potential
well for excited charge carriers, thus inhibiting their ra-
diative recombination. These new QDs differ from the
CdSe(core)/ZnS/CdS/ZnS(multilayer shell) QDs fabricated
in our earlier studies [19,24,25], where the thickness of
each shell layer was made exactly equal to one monolayer
of the corresponding material, in having slightly lower
barrier potentials (due to alloying), but feature a significantly

expanded volume available for delocalization. The energy
structure of the shell (Fig. 1,a), which has a relatively
high potential barrier between the core and the shell center,
should also slow down the return of carriers to the core
and act in concert with an enhanced shell thickness toward
extending the time of delocalization of excited carriers.

Cadmium selenide cores 2.3nm in diameter were syn-
thesized to verify these assumptions. The obtained sample
was divided into two parts, and shells of the corresponding
structure were deposited onto both of them. Below the QD
sample with a CdSe core and a ZnS/CdS/ZnS shell with a
thickness of 3 monolayers (ML) is denoted as CdSe/MS,
and the sample with a gradient shell with an overall
thickness of 10 ML is denoted as CdSe/gr-MS. Figure 1,5
presents the TEM image of the prepared CdSe/gr-MS QDs.
The obtained nanocrystals had an irregular tetrahedron-like
shape; the mean QD size was 10.7 £+ 1.7 nm.

Figure 2 shows the optical absorption and PL spectra
for the prepared materials. It can be seen that the PL
spectra of two types of QDs have very close characteristics:
for example, the PL maximum for the CdSe/MS sample
is located at 560 nm, with a FWHM of 47.1 nm, while
the respective parameters for CdSe/gr-MS QDs are 564
and 499nm. In contrast, the absorption spectra of
the samples differ clearly: although the positions of the
first exciton absorption maximum match almost perfectly
(these maxima are located approximately at 535nm), the
absorbance of the CdSe/gr-MS sample in the blue and UV
spectral regions is much higher, since its shell is thicker and,
consequently, has a greater absorption cross section. These
samples also have different PL. QY values: the QY for the
CdSe/MS sample with a thinner shell is 93%, while the
CdSe/gr-MS QDs have a QY as low as 30%. This difference
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Results of approximation of PL decay curves and calculation of average PL lifetimes for CdSe/MS and CdSe/gr-MS QDs

QD type A 71, NS A T, IS As T3, IS Tav, NS
CdSe/MS 0.925 £+ 0.009 223402 0.06 £ 0.01 6716 - - 29+9
CdSe/gr-MS 0.639 £ 0.006 37.2+0.6 0.152 £ 0.007 7.5+0.5 0.184 £ 0.005 151+3 96 + 17
2 8t - £ intensity-weighted average (7,y) in the following way [27]:
g x —_— CdSC/MS _ 10 §
sy T — CdSe/gr-MS | g n n
5ol Tos 2 =Y At /> Am. 2)
g | g i i
-l 1z
—g 4 i 10.6 é’ The results of approximation and calculated average PL
2 | . 3 lifetimes for two types of QDs are listed in the table. It
_g 3 i 104 % should be noted that the PL decay curve for CdSe/MS QDs
8ol 1 IS can also be approximated fairly well by a mono-exponential
Té ! i | 10.2 Tés function within the 0-100ns interval. The average lifetime
3 | .. 1 5 determined in this way is 24.1ns. This is indicative of
Z 0l Ll iasha | 0 =z
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Figure 2. Optical absorption spectra (dashed curves) and PL
spectra (solid curves) of CdSe/MS QDs (black curves) and
CdSe/gr-MS QDs (red curves).

is attributable to the fact that the time interval of synthesis of
QDs with a thicker shell is three times longer than the one
for CdSe/MS QDs. It is important that spontaneous charge
transfer between the inorganic QD part and the ligand shell
or the ambient environment may occur in the process of
shell growth at a fairly high temperature (165—180°C) [26],
sending a nanocrystal into a nonradiating ,,dark® state. The
probability of transition of a significant fraction of QDs to
this state rises with increasing reaction time, while a gradual
increase in the shell thickness reduces the probability of
QD neutralization as a result of reverse charge transfer.
However, it should be noted that this problem is not an
insurmountable one and can be resolved by optimizing the
synthesis conditions.

The comparison of PL decay kinetics of two types of QDs
(Fig. 3,a) revealed that the proposed approach provides a
significant enhancement of the PL lifetime of QDs based on
cadmium selenide. The QD PL lifetime was calculated by
approximating the decay curves with bi- and tri-exponential
functions of the form

1(t) = Z Aem, (1)

where n is the number of exponential functions in the
approximation, A is the pre-exponential factor, and 7 is
the characteristic decay time of each exponential function.
The characteristic PL lifetime was then calculated as an
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fine quality of the prepared material and suggests that the
fast decay component, which is commonly associated with
nonradiative excitation relaxation channels, is suppressed
almost completely.

Comparison of the average PL lifetimes for CdSe/MS and
CdSe/gr-MS QDs shows that the proposed approach indeed
provides an opportunity to raise the lifetime of the excited
state by a factor of 3 via temporary delocalization of excited
carriers in a potential well created by the gradient shell. It
should be noted that three characteristic lifetimes of the
excited state obtained by approximating the PL decay curve
for CdSe/gr-MS QDs are 37.2, 7.5, and 97ns. The first
and the third values correspond roughly to two lifetimes
from the approximation of the curve for CdSe/MS QDs
and may be related to the direct radiative recombination
of excitons in CdSe cores (approximately 30ns) and
the recombination of charge carriers delocalized in shells
(> 60ns). The lower degree of delocalization in CdSe/MS
QDs translates into a shorter decay time of delocalized
states. The second (fast) PL decay component of CdSe/gr-
MS QDs may be related to the rapid recombination in
QDs with an excess negative charge in the so-called ,,grey”
state [26,28].

Figure 3,b presents the time-resolved PL spectra of the
new type of QDs. These spectra were plotted by processing
PL decay curves recorded at different transmission wave-
lengths of the monochromator. It can be seen that the
spectral position of the emission maximum remains almost
unchanged: only a slight red shift from 550 to 562nm
is seen within the 0—1000ns interval. This observation
confirms the assumption that radiative recombination occurs
only in the core of CdSe/gr-MS QDs, where the energy of
carriers is the lowest.

Thus, an efficient method for controlling the average
QD PL lifetime has been proposed. This opens up new
opportunities for application of these materials in quantum
computing and biomedicine. It has been demonstrated
using the example of a new type of QDs with a gradient
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Figure 3. Time-resolved PL characteristics of CdSe/MS and CdSe/gr-MS QDs. (a) QD PL decay curves and their approximations with
polyexponential functions (thick curves are the results of approximation); (b) time-resolved PL spectra of CdSe/gr-MS QDs within the

0—1000 ns interval.

shell, which creates an additional potential well with smooth
edges, that the recombination time of excited charge carriers
may be extended by a factor of more than 3. The
fabricated QDs are relatively small-sized, and, to the best
of our knowledge, the mentioned PL lifetime enhancement
is greater than the anyone reported to date.

Conclusion

A novel approach to enhancing the QD PL lifetime by
fabricating QDs with a gradient shell, which creates a
potential well for charge carriers and extends the time of
their delocalization, has been proposed and implemented.
This extended delocalization gives rise to a ,long*“ ex-
ponential component in PL decay curves but does not
alter the PL emission spectrum. It should be noted that
a more than threefold enhancement of the average PL
lifetime was achieved in QDs with an overall shell thickness
of 10 monolayers, which is significantly thinner than the
threshold shell thickness required for the weaker effect of
PL kinetics elongation. This confirms the efficiency of
the proposed approach and suggests that QDs of the new
type can be used in time-resolved bioimaging and quantum
computing. The application of this approach to QDs with
other cores having intrinsically longer PL lifetimes (e.g.,
CulnS; or PbS) should make it possible to achieve an
even stronger deceleration of PL kinetics, to several tens
or hundreds of us, making these objects viable competitors
to other current technologies for cubit production.
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