
BAE ET AL . VOL. 7 ’ NO. 4 ’ 3411–3419 ’ 2013

www.acsnano.org

3411

March 23, 2013

C 2013 American Chemical Society

Controlled Alloying of the Core�Shell
Interface in CdSe/CdS Quantum
Dots for Suppression of Auger
Recombination
Wan Ki Bae,‡ Lazaro A. Padilha,‡ Young-Shin Park, Hunter McDaniel, Istvan Robel, JeffreyM. Pietryga,* and

Victor I. Klimov*

Center for Advanced Solar Photophysics, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, United States. ‡W.K.B. and L.A.P. contributed equally to
this work.

N
anocrystal quantum dots (QDs) are
promising materials for optoelec-
tronic applications due to their ex-

ceptional optical properties, such as high
photoluminescence (PL) quantum yield (QY),
narrowemission linewidth, size-tunable band
gap over a wide range of energies, and
solution processability.1 More recent syn-
thetic efforts have extended beyond tradi-
tional size/shape control and often involve
engineering of the internal structure of the
QD in order to manipulate, for example,
single-exciton dynamics and carrier�carrier
interaction energies. A notable example is
the control over single-exciton radiative
recombination in type-II and quasi-type-II

heterostructured QDs.2�6 Type-II hetero-
structuring has been also applied to realize
“giant” exciton�exciton repulsion used in
the demonstration of the single-exciton
optical gain regime.7,8

In contrast to substantial progress in
understanding and manipulating single-
excitondynamics, practical control overmulti-
exciton dynamics in QDs has been much
more difficult to achieve, despite its inher-
ent importance for utilization of QDs in
devices. Suppression of nonradiative Auger
recombination (AR), which otherwise is highly
efficient in standard nanocrystals of all com-
positions and shapes,9�11 is of particular inter-
est for the realization of QD devices such as
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ABSTRACT The influence of a CdSexS1‑x interfacial alloyed layer

on the photophysical properties of core/shell CdSe/CdS nanocrystal

quantum dots (QDs) is investigated by comparing reference QDs with

a sharp core/shell interface to alloyed structures with an intermediate

CdSexS1‑x layer at the core/shell interface. To fully realize the

structural contrast, we have developed two novel synthetic ap-

proaches: a method for fast CdS-shell growth, which results in an

abrupt core/shell boundary (no intentional or unintentional alloying),

and a method for depositing a CdSexS1‑x alloy layer of controlled

composition onto the CdSe core prior to the growth of the CdS shell. Both types of QDs possess similar size-dependent single-exciton properties

(photoluminescence energy, quantum yield, and decay lifetime). However the alloyed QDs show a significantly longer biexciton lifetime and up to a 3-fold

increase in the biexciton emission efficiency compared to the reference samples. These results provide direct evidence that the structure of the QD interface

has a significant effect on the rate of nonradiative Auger recombination, which dominates biexciton decay. We also observe that the energy gradient at the

core�shell interface introduced by the alloyed layer accelerates hole trapping from the shell to the core states, which results in suppression of shell

emission. This comparative study offers practical guidelines for controlling multicarrier Auger recombination without a significant effect on either spectral

or dynamical properties of single excitons. The proposed strategy should be applicable to QDs of a variety of compositions (including, e.g., infrared-emitting

QDs) and can benefit numerous applications from light emitting diodes and lasers to photodetectors and photovoltaics.

KEYWORDS: nanocrystal . quantum dot . core/shell . alloyed core/shell interface . CdSe/CdS . CdSe/CdSexS1‑x/CdS .
Auger recombination
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high-brightness light-emitting diodes (LEDs), low-
threshold lasers and third-generation photovoltaics
enabled by carrier multiplication.10,12

Recently, reduced AR rates and/or reduced PL “blink-
ing” have been observed in CdSe/CdTe,13 CdZnSe/
ZnSe,14 and in high-quality thin-15 or thick-shell
CdSe/CdS heterostructured QDs.16�19 Although a pro-
mising first step, attempts to achieve more complete
and consistent AR suppression have been frustrated by
uncertainty regarding the mechanism responsible for
the effect. Some spectroscopic findings14,16 and theo-
retical studies20,21 have suggested that the sharpness
of the electronic confinement potential defined by
structure of the core/shell interface may have a crucial
effect on the AR rate. However, experimental studies of
the role of the interfacial potential in AR are greatly
complicated by the lack of reliable chemical means for
controlling the composition of the core/shell interface
because of commonly observed processes such as
unintentional alloying,16 which can result from the
application of prolonged reaction times, or especially
high reaction temperatures.
Here, we present for the first time a comparative

study of the influence of the structure of the core/shell
interfacial layer on the electronic and photophysical
properties of QDs, and specifically, on AR time con-
stants. This study has been enabled by new synthetic
methods that allow us to fabricate thick-shell CdSe/
CdS QDs with either a sharp core/shell interface or an
interface smoothened by an intermediate CdSexS1‑x
alloy layer of controlled thickness and composition.
Detailed spectroscopic analysis reveals that a CdSexS1‑x
alloy interface layer has very little effect on the behav-
ior of single excitons in these heterostructures (e.g., PL
decay lifetime or QY), but plays a significant role in the
suppression of AR as indicated by the dramatic effect
on biexciton dynamics. A significant suppression of AR
observed in the CdSe/CdSexS1‑x/CdS QDs can be at-
tributed to the decreased steepness of the confine-
ment potential experienced by core-localized holes,
which reduces the likelihoodof its intraband re-excitation
via AR.20 This study offers a practical approach for
significant suppression of AR in nanocrystal QDs bene-
ficial to a wide range of optical and optoelectronic
applications of these nanostructures.

RESULTS AND DISCUSSION

Although the optical properties of CdSe/CdS QDs
have been extensively studied experimentally and
theoretically,4,16,17,22�28 there is as-of-yet no direct
comparison between equivalent QDswith andwithout
appreciable alloying at the core/shell interface. Pre-
viously, thick-shell CdSe/CdS QDs have been produced
by a successive ionic layer adsorption and reaction
(SILAR) method, which requires consecutive multiple
precursor injection steps along with lengthy precursor

reaction times for each step.27 Theprolongedexposureof
CdSe/CdS QDs to elevated temperatures causes inter-
facial alloying as a result of uncontrolled interdiffusion of
Se and S atoms at the interface, which has been specu-
lated to be the key factor for suppression of AR.16

As the first step toward elucidating the effect of the
core/shell interface on photophysical properties of
CdSe/CdS QDs, we have developed a new method
for a fast growth of the CdS shell which allows us to
realize QDs with a sharp interfacial profile (hereafter
referred to as C/S QDs; Figure 1). The CdS shell growth
is performed on top of a zinc blende (ZB) CdSe core
using a single continuous injection of Cd and S pre-
cursors, rather than multiple alternating Cd and S
precursor injections applied in the SILAR method. The
result is a dramatic reduction in the total reaction time;
for example, it takes 45 h using the SILAR method to
grow a 15ML CdS shell,4,25 whereas the same thickness
is achieved in only 5 h via the fast CdS shell growth
introduced in this study. The synthesized C/SQDs show
a significant red shift of the PL and the 1S band-edge
absorption peaks (Figure 1a) and a gradual increase in
thePL single-exciton lifetime (Figure1b,c) with increasing
shell thickness. Simultaneously, the PL QY first dramati-
cally increases compared to core-only QDs and then
gradually falls off (Figure 1d).
The observed changes in spectroscopic properties of

the C/S structures are similar to the trends seen pre-
viously in CdSe/CdS QDs fabricated by SILAR.4,5,24 This
suggests that the C/S QDs prepared by the fast shell
growth method possess a similar quasi-type II elec-
tronic structure, in which the electron is largely delo-
calized over the entire QD volume, while the hole is
strongly confined within the CdSe core.4,16,17,24 Both
the increase in lifetime and decrease in QY are, then,
consistent with the resulting reduction in electron�
hole wave function overlap. The C/S QDs maintain a
roughly spherical shape as long as the total radius (R) is
smaller than 4�5 nm (Figure 1e�h; the CdSe core
radius is r = 1.5 nm); samples in Figure 1 are labeled
using notation r(nm)/H(nm), where H is the shell thick-
ness. For larger sizes, QDs becomemore faceted due to
the influence of the underlying ZB crystal structure
(Supporting Information). The size distribution broad-
ens slightly during growth, as evidenced by the
width of the PL peak, which grows from 27 to 36 nm
(Figure 1a, inset). Importantly, we observe no evidence
of small CdS QDs throughout the entire reaction,
indicating that injected Cd and S precursors do not
produce a significant homogeneous nucleation event.
For comparison to the reference C/S QDs, we synthe-

sized “interface-alloyed” samples in which a CdSexS1‑x
layer of controlled thickness (L; generally 1.5 nm for the
purposes of the present study) is grown onto the CdSe
core (hereafter referred to as C/A QDs) or between the
CdSe core and the CdS shell (C/A/S QDs). For the
growth of the alloyed layer, we continuously inject a
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mixture of Se and S precursors (1:1 in molar ratio) at
elevated temperature into a reaction flask containing
CdSe cores and excess Cd precursor (Figure 2a). The
CdSexS1‑x alloy shell growth is consistent and highly
uniform throughout the tested range of thicknesses
(up to 1.5 nm). The C/A particles remain mostly spher-
ical (Figure 2b) and retain excellent size dispersity, as
evidenced by the distinct excitonic features in their
absorption spectra and a narrow PL bandwidth (full
width at half-maximum, fwhm, is∼25 nm; Figure 2c,d).
The C/A samples exhibit a slightly larger red shift in
absorption and PL spectra (up to∼100 nm) compared
to C/S QDs (∼70 nm; see Supporting Information) of
the same total radius, which is an expected conse-
quence of increased carrier delocalization into the shell
due to lower conduction/valence band offsets. A side-
by-side analysis of QD sizes (characterized by transmis-
sion electron microscopy, TEM) and elemental compo-
sition (characterized by energy-dispersive X-ray, EDX,
spectroscopy) of aliquots taken during the alloy layer
growth reveals that it has a fairly constant composition

along the radial direction, which is close to the ratio of
injected amounts of Se and S (Se:S = 1:1) with only a
slight composition gradient (Se content varies from
0.56 to 0.49 from thin to thick shells; see Figure 2e and
Supporting Information).
Overgrowing the C/A CdSe/CdSexS1‑x QDs with a

CdS shell by the fast growth method allows us to
fabricate C/A/S samples with a smoothened core/shell
interface, and then compare their photophysical prop-
erties with those of reference C/S QDs with a sharp
interfacial profile (Figure 3). As the CdS shell thickness
is increased, both types of QDs show a similar gradual
red shift of the 1S absorption feature and the PL band
as well as an increase in the PL lifetime (see Figure 3
and Supporting Information), again confirming that
both structures possess a similar quasi-type II electronic
structure.4,16,17,24,25 Interestingly, the 3 nm radius CdSe/
CdSexS1‑x C/A QDs exhibit a lower PL QY than the same-
size CdSe/CdS C/S QDs, which we attribute to a reduced
valence-band offset in the former case, which results in
more frequent interactions of core-localized holes with

Figure 1. Photophysical properties of fast-grown core/shell (C/S) CdSe/CdS QDs with the same core size (r = 1.5 nm) and different
shell thicknesses (0eHe5.5 nm). (a) Optical absorptionandPL spectra; sample labels show r(nm)/H(nm). Inset: peakPLwavelength
(redcircles) and fullwidthathalfmaximum(FWHM) (blue triangles) asa functionof total radius (R= rþH). (b) SingleexcitonPLdecay
dynamics, (c) PL lifetimes, (d) PL QYs, and (e�h) transmission electron microscopy (TEM) images of C/S QDs of varied sizes.
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surface traps. Accordingly, the PL QY of the C/A/S QDs
increases with increasing the CdS shell thickness, and
eventually approaches the same values as those for C/S
QDs of a similar size. This observation offers further
indication that the CdSexS1‑x alloy layer does indeed
provide an intermediate potential step between the
CdSe core and the CdS shell with very little influence on
intrinsic single exciton dynamics.
To determine the influence of the alloy layer on

multiexciton decay, we compare spectrally resolved PL

dynamics of C/S reference QDs and C/A/S alloyed QDs
of the same overall size (R = 7 nm) as a function of
excitation intensity (Figure 4). Both types of samples
show strong CdSe core emission (625�650 nm) at all
pump intensities, indicating that the CdSe core is the
primary emitting center for single and multiexciton
emission in both types of QDs. Interestingly, a new PL
band at a shorter wavelength (∼518 nm; corresponds
to the expected band gap of the CdS shell) emerges in
the reference C/S sample at intensities above 5 μJ/cm2

Figure 2. Synthesis of core/alloy (C/A) CdSe/CdSexS1‑x QDs and their structural and optical properties. (a) Synthetic scheme
illustrating fabrication of the CdSexS1‑x alloy layer on topof CdSe cores. TEM images (b; scale bar is 10 nm), absorption andPL spectra
(c), andpeakPLwavelengthalongwithPLFWHM(d) forC/AQDswith the samecore radius (r=1.5nm) andvarious thicknessesof the
alloy layer (L); sample labels show r(nm)/L(nm). (e) Elemental composition across the CdSexS1‑x alloy layer determined by correlating
the average QD size from TEM and the results of elemental analysis using EDX spectroscopy.

Figure 3. Synthesis and spectroscopic characterization of reference core/shell (C/S) CdSe (r= 1.5 nm)/CdSQDswith an abrupt
interface and core/alloy/shell (C/A/S) CdSe (r = 1.5 nm)/CdSexS1‑x (1.5 nm)/CdS QDs with an alloyed interface. (a) Schematic
illustration of synthesis for both types of QDs. (b) Optical absorption and PL spectra of C/A/S QDs as a function of shell
thickness (H); sample labels show r(nm)/L(nm)/H(nm). Peak PL wavelength (c), single-exciton PL decay dynamics (d), PL
lifetimes (e), and QYs (f) for reference C/S (black symbols) vs alloyed C/A/S (colored symbols) QDs.
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(Figure 4a,b), while this feature is not present in the
spectrum of the C/A/S sample even at intensities as
high as 150 μJ/cm2 (Figure 4c,d). This observation can
be rationalized if we examine decay dynamics of CdS
shell emission measured for these samples (Figure 4e).
The decay observed in the alloyed QDs is significantly
shorter compared to that in the reference sample,
suggesting that the intermediate alloy layer creates
an energy gradient which facilitates hole migration
from the CdS shell to the CdSe core (Figure 4f); as a
result of a very short hole residence time within the
shell regime, the shell emission is not well pronounced
in the C/A/S QDs. In CdSe/CdS QDs without intentional
alloying and an exceptionally thick shell (so-called dot-in-

bulk structures), the interfacial layer can even present a
potential barrier for holes,which leads to theeffectivehole
blockade and very efficient dual (core and shell) emission
even with low-intensity steady state excitation.29

Although both types of the QDs show similar size-
dependent trends in single exciton dynamics, clear
differences are observed in the multicarrier dynamics
(Figure 5a,b). As excitation intensity increases in both
cases we observe the emergence of two distinct fast
components in the PL traces. We attribute the initial
faster component to neutral and charged biexcitons
(time constants τxx and τxx*, respectively), while the
slower component to charged excitons or “trions” (τx*,
Figure 5c). To confirm this assignment, we compare the
PL decay of the alloyed sample measured under static
and stirred conditions (Figure 5d). It is well established

that the effect of charging on PL decay dynamics can
be diminished by vigorously stirring a QD sample
solution during the measurements, as this prevents
the fairly slow buildup of a population of charged
nanocrystals within the excitation volume.30,31 Indeed,
the amplitude of the intermediate τx* component noti-
ceably increases under static conditions (Figure 5d).
Simultaneously, the PL peak amplitude also grows
(inset of Figure 5d) due to the increased contribution from
charged biexcitons that are characterized by a higher
emissionratecomparedtoneutralbiexcitons.32 Importantly,
theapparent result of this comparison is that the lifetimesof
biexcitons and charged species (trions and charged
biexcitons) are appreciably longer in the alloyed QDs (by
a factorofup to∼3; see table inFigure5c), implying thatAR,
which is the dominant channel of their decay,32 has
beenpartially suppressed as a result of incorporation of
the intermediate alloy layer at the core/shell interface.
To compare relative contributions of AR to carrier

population decay across different types of QDs, it is
informative to consider the effective biexciton PL QY
(QYxx). To do so, we use the measurements on stirred
samples, in which the effect of photocharging is mini-
mized and the initial fast component in high-pump
intensity traces is primarily due to neutral biexcitons.
Assuming that the dynamics shown in Figure 1b are
dominated by single-exciton radiative decay5 (see section
Characterization inMethods), and furtherusing free-carrier
scaling of radiative decay rates (previously observed for
many types of theQDs, see, e.g., refs 18 and 32), we obtain

Figure 4. Pump-intensity-dependent transient photoluminescence of C/S and C/A/S QDs with the same core radius (r = 1.5 nm)
and the same total radius (R = 7 nm); the alloy layer thickness (L) in the C/A/S structures is 1.5 nm (streak camerameasurements
using pulsed excitation at 3.1 eV). Spectrally resolved PL traces with photoexcitation at 3.1 eVwith average number of excitons
per dot (ÆNæ ) of 16 for the C/S (a) and 22 for the C/A/S (c) QDs. Normalized PL spectra obtained by binning the first 0-to-100 ps of
streak-camera data for different pump fluences (indicated in the figure) for C/S (b) and (d) C/A/S QDs. (e) PL decay dynamics
measured at 518 nm; ÆNæ = 81 for the C/S and 110 for the C/A/S QDs. (f) Approximate energy band diagram of C/A/S QDs along
with spatial distributions of electron and hole wave functions.
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that the radiative lifetimeof biexcitons (τxx,r) canbe related
to the measured single exciton lifetime (τx) by τxx,r = τx/4.
This further yields the following expression: QYxx = 4τxx/τx.
In Table 1, we summarize our measurements of τx

and τxx as well as single-exciton and biexciton PL
efficiencies. To better understand the data one should
realize that in thick-shell CdSe/CdS QDs, characterized
by strongly asymmetric confinement of electrons and
hole, AR is dominated by a fast positive-trion path-
way,33 in which the electron�hole recombination en-
ergy is transferred to a strongly confined hole. The
dominance of this specific AR channel leads also to
Auger ionization events34 dominated by hole ejection
from the QD, which leaves behinds an uncompensated
electron.33As a result, photoexcitationproducesprimarily
negative trions that decay via the slower Auger path-
way involving re-excitation of a delocalized electron.

Because of this asymmetry, the Auger lifetime of a
biexciton and a negative trion in these hetero-QDs
cannot be related by the universally accepted statisti-
cal scaling observed inmonocomponent and thin-shell
QDs,35 that is, τx*/τxx is not necessarily 4. Instead, our
measurements for thick-shell CdSe/CdS QDs indicate
that the τx*/τxx ratio is from ∼7 to ∼14. In addition to
the breakdown of statistical scaling, deviation of the
τx*/τxx ratio from 4 is due to the fact that Auger decay in
thick-shell QDs is suppressed compared to standard
QDs,16�19 and therefore, the measured lifetimes are
contributed to not only by AR (as is the case in standard
QDs) but also radiative recombination characterized by
comparable time scales (especially for negative trions).33

For reference C/S QDs (lines 1 and 2 of Table 1), we
observe that the increase in core size for afixed total radius
affects primarily the lifetime of the biexciton but not the

Figure 5. Pump-intensity-dependent PL decay dynamics of C/S CdSe/CdSQDs (a) and C/A/S CdSe/CdSexS1‑x/CdSQDs (b) with the
same core radius (r= 1.5 nm) and the same total radius (R= 7 nm); for the C/A/S sample L= 1.5 nm. PL decay tracesmeasuredwith
excitation at 3.1 eV with varied average number of excitons per dot (ÆNæ, 0.02�1.4 for C/S QDs and 0.1�14 for C/A/S QDs)
normalized tomatch long-time single-exciton signals. (c) Early timemultiexciton decay dynamics in C/S (gray triangles) and C/A/S
(red circles) samples and corresponding fits. (d) Multiexciton decay traces of the C/A/S sample (ÆNæ = 7) under static and stirred
conditions (inset: expanded PL decay trace for the first 1 ns).

TABLE 1. Photophysical Properties of a Series of C/S and C/A/S QD Samplesa

type core radius (nm) total radius (nm) PL peak (nm) fwhm (nm) PL QY (%) τx (ns) τxx (ns) τx* (ns) QYxx (%)

1. C/S 1.5 7.0 630 34.5 ((0.2) 45 49 0.35 5.0 2.9
2. C/S 2.0 7.0 654 31.5 ((0.2) 40 57 0.75 5.9 5.3
3. C/A/S 1.5 4.2 644 27.4 ((0.1) 60 25 0.43 5.8 6.9
4. C/A/S 1.5 7.0 650 28.2 ((0.2) 43 40 1.0 7.0 10.0
5. C/A/S 1.5 8.0 656 33.7 ((0.1) 30 58 1.6 11.5 11.0

a All C/A/S QDs have the same alloy layer thickness (1.5 nm) and Se and S compositional profiles similar to that shown in Figure 2e. Detailed optical properties of C/S CdSe (r =
2.0 nm)/CdS QDs with different CdS shell thicknesses are displayed in Supporting Information. The PL QY was calculated by comparing the integrated PL intensity of QDs to that
of a reference dye (LD 690 perchlorate) with the same optical density (0.05) at the excitation wavelength (540 nm). We calculate QYxx from 4τxx/τx, based on the assumption
that the radiative biexciton lifetime is 4 times shorter than the single exciton lifetime.
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trion. This is the expected behavior for the negative trion,
as the change in the core radius changes primarily the
confinement of the hole without modifying the electron
confinement (because of its delocalization into the shell).
As a result, it doesnot significantly affect thenegative-trion
recombination rate (only through its weaker radiative
component) but doesmodify the rate of the positive-trion
Auger channel, and hence the biexciton lifetime.
Lines 3�5 of Table 1 document the effect of inter-

facial alloying on Auger lifetimes. Perhaps, the most
illustrative comparison is between similarly sized C/S
reference and C/A/S alloyed samples in lines 1 and 4,
respectively. These two samples have the same core
size (r = 1.5 nm) and the same overall dimensions (R =
7 nm) but the shell of the alloyed sample includes a
thin 1.5 nm CdSexS1‑x layer adjacent to the core. These
two samples have nearly identical single-exciton prop-
erties (see data for R = 7 nm in Figure 3c,e,f) indicating
only a minor effect of the intermediate alloy layer on
localization of both electrons and holes. At the same
time, interfacial alloying has a dramatic effect on the
biexciton lifetime (almost 3-fold lengthening), indicat-
ing significant suppression of the Auger channel invol-
ving re-excitation of the hole. This result is consistent
with the theory of Cragg and Efros20 according to
which the overlap of the initial and the final states of
the Auger carrier re-excited in the recombination event
controls the rate of this process, which means that in
the case of heterostructured QDs, the smoother the
potential, the slower the rate. Since in our samples, the
core�shell interface is “seen” primarily by a core-
localized hole, its smoothening should mostly affect
the positive-trion Auger pathway, in agreement with
our experimental observations. A weak but clearly
discernible influence of potential smoothening on the
trion lifetimes suggests that it also affects the negative-
trionpathway, but to a lesser degree as the electronwave
function is delocalized across the entire QD volume, and
therefore is less sensitive to the properties of the core�
shell interface than the hole wave function.
The effect of interfacial alloying is also evident in the

case of the two other C/A/S samples shown in lines 3
and 5 of Table 1. On the basis of volume scaling, the
C/A/S QDs with R = 4.2 nm (line 3) should show short-
ening of the biexciton lifetime compared to the refer-
ence samples in line 1 (R = 7 nm); instead, the biexciton
lifetime in the C/A/S sample is longer, confirming again
the importance of the structure of the core/shell inter-
face. The combined effect of volume scaling and
potential smoothing results in the longest τxx constant
measured for the largest C/A/S QDs shown in line 5. As

expected, these nanocrystals also show the largest
QYxx. In fact, all three C/A/S samples, independent of
their exact dimensions and even including the smallest
one, exhibit consistently higher biexciton emission
efficiencies compared to the reference C/S samples.
We would like to point out that the improvement in

QYxx observed in the present study for intentionally
alloyed C/A/S samples is still lower than the record
values measured in single-dot studies for some of the
QDs in samples grown by a traditional SILARmethod.18

Indeed for reason of diffusion kinetics SILAR can pro-
duce a thicker and a more compositionally graded
layer (at least in a subset of the QDs) than for a single
potential step used in the present study. It is worth
noting, however, that the distribution of biexciton PL
QYs inferred from single-dot measurements of SILAR
samples18 is quite wide, which is also consistent with
the formationof a rangeofgradient structures, somemore
effective, some less,within theensemble.Aclearnext step,
therefore, is to vary the growth conditions of C/A/S QDs,
such as to intentionally create a smoother compositional
gradient (i.e., more potential steps) within the alloy layer
across the entire QD ensemble, which according to recent
predictions20 can result in overall reduction of AR rates
by 1�3 orders of magnitude, depending on the exact
shape of the confinement potential.

CONCLUSIONS

We have studied the influence of the interfacial
CdSexS1‑x alloy layer on photophysical properties of
CdSe/CdS core/shell QDs. For a truly distinct structural
contrast, CdSe/CdS QDs with a sharp core/shell inter-
face have been synthesized by a new fast CdS shell
growth method, which allowed us to fabricate QDs
with and without a CdSexS1‑x alloy layer between a
CdSe core and a CdS shell. Detailed spectroscopic
studies have revealed that the presence of the inter-
facial alloy layer has little effect on single-exciton
dynamics but has a significant influence on multi-
exciton decay, and particularly leads to appreciable AR
suppression. We attribute this effect primarily to a reduc-
tion in the steepness of thehole confinement potential at
the core�shell interface due to the intervening CdSexS1‑x
layer acting as an intermediate potential step. This
comparative study not only clearly demonstrates the
influence of the interface structure on the photophysical
properties of heterostructured QDs but also suggests a
clear means for further enhancing control over multi-
exciton dynamics through interface engineering, which
can complement traditional means such as size/shape
control and type-I and type-II heterostructuring.

METHODS
General Considerations. Cadmium oxide (CdO, 99.998%), Se

(200 mesh, 99.999%), 1-dodecanethiol (DDT, 98%), oleic acid

(OA, 99%), 1-octadecene (ODE, 90%), tri-n-octylphosphine (TOP,

97%) and tri-n-octylamine (TOA, 95%)were purchased fromAlfa

Aesar. Organic solvents were purchased from Fisher Chemical.
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LD690 perchlorate (reference dye for PL QY measurement) was
purchased from Exciton. All chemicals were used without
further purification. All syntheses were performed under inert
atmosphere using standard Schlenk-line and glovebox tech-
niques. Cadmiumoleate [0.5M, Cd(OA)2] complexwas prepared
by heating 5mmol of CdOwith 5mL of OA at 300 �C for 1 h, and
then diluting with TOA to a total volume of 10 mL. Trioctylphos-
phine selenium [1 M, TOPSe] complex was prepared by stirring
1 mmol of Se with 1 mL of TOP at room temperature overnight.

Synthesis of CdSe and CdSe/CdSexS1‑x QDs. CdSe QDswith radius of
1.5 nm were synthesized by a previously reported method.36

Prepared CdSe QDs were repeatedly purified by precipitating
with ethanol and redispersing in toluene. Final products were
dispersed in ODE at a concentration of 0.015 mM. For the
synthesis of CdSe/CdSexS1‑x QDs, 2 mL of CdSe core solution
were added to a flask containing 8 mL of TOA and 0.6 mL of
0.5 M Cd(OA)2 at 300 �C. A mixture of TOPSe (0.15 mL of 1 M
solution) and DDT (0.15 mmol) diluted with TOA (total volume:
1 mL) was slowly injected into the reaction flask over 30 min.
Aliquots were taken during the reaction for characterization.

Fast CdS Shell Growth on CdSe or CdSe/CdSexS1‑x QDs. Fabrication of
an CdS shell was carried out via continuous injection of Cd(OA)2
(0.5 M) andDDT (0.5M, dilutedwith TOA) at a rate of 2mL/h into
the reaction vessel containing either CdSe or CdSe/CdSexS1‑x
QDs diluted with TOA (total volume: 10 mL). The reaction
temperature was maintained at 300 �C throughout the forma-
tion of the complete CdS shell. Synthesized QDs were purified
repeatedly by a precipitation/dispersion method and dispersed
in nonpolar organic solvents for further characterization.

Characterization. The size and composition of QDs were
characterized with a TEM (JEOL JEM 2010) equipped with an
energy-dispersive X-ray (EDX) spectrometer (Bruker Quantax).
EDX spectra were collected at several locations for each TEM
sample, and averaged such that each reported composition
represents that of several hundred individual QDs. The compo-
sition of individual layers, such as during alloy growth, was
determined by comparing subsequent aliquots during single
growth experiments. Briefly, we compared a given aliquot's size
(by TEM) and Se:S (by EDX) to that of the previous aliquot to
determine the thickness of the new layer and its effective Se:S
ratio (by accounting for the mass-normalized contribution to
themeasured ratio that comes from the CdSe core and previous
alloy layers, if any). The raw Se:S ratios used for these calcula-
tions are shown in the Supporting Information (Figure S3).

Optical absorbance was measured with an Agilent 8453 spec-
trometer; PL spectra and single-exciton decay traceswere recorded
with a Horiba Fluoromax-4 spectrofluorometer. For spectroscopic
measurements, QD samples were loaded into 1 mm path-length
spectroscopic-grade cuvettes, and the optical density at 400 nm
was adjusted to less than 0.1 to avoid PL reabsorption. When not
otherwise noted, the samples were vigorously stirred during mea-
surement to avoid photochemical degradation andphotocharging.

Picosecond time-resolved PL measurements shown in
Figure 4 were conducted using a Hamamatsu 5860 streak camera
with 12 ps time resolution. The samples were excited at 3.1 eV
with ∼100 fs pulses from a 1 kHz amplified Ti:sapphire laser. In
nanosecond PL measurements shown in Figures 1, 3 and 5, the
samples were excited at 3.1 eV by∼250 fs pulses from a 250 kHz
amplified Ti:sapphire laser and PL dynamics were resolved
using time-correlated single-photon counting (TCSPC). These
measurements utilized two types of detectors: a microchannel
plate photomultiplier tube (PMT; time resolution 150 ps), used
for samples with biexciton lifetimes longer than∼300 ps, and a
superconducting nanowire single photon detector (SNSPD)
with the instrument response time of ∼50 ps37 in studies of
samples with shorter biexciton decay times. For microchannel
plate detection the collectionmonochromator was set to the PL
peak wavelength while for SNSPD detection the PL was col-
lected through a 610 nm long pass filter, which blocks any
contribution of the shell emission. The SNSPD was housed in a
closed-loop helium cryocooler and kept at ∼3.5 K. The super-
conducting nanowire of NbN was biased to ∼90% of its super-
conducting critical current (typically ∼20 μA). The voltage
pulses were amplified and read out with a Picoquant Hydraharp
with an 8 ps binning time.

Single exciton radiative lifetimes were determined from
monoexponential fits of the low-fluence (no multiexcitons)
decay traces acquired with PMT-TCSPC, which yielded time
constants of tens of nanoseconds. In these samples, nonradia-
tive losses are primarily due to carrier trapping at surface/
interfacial defects, which is characterized by much faster sub-
nanosecond dynamics not resolvable in the PMT-TCSPC mea-
surements. This approach to determining radiative time con-
stants is validated by the fact that the single exciton radiative
lifetimes of our thin-shell samples are in good agreement with
literature values for well-passivated core-only CdSe QDs.37
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