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ABSTRACT: Graded interface core−shell nanocrystals
(NCs) are being investigated to attain highly luminescent
systems and are also anticipated to be “blinking-free” at the
single-particle level. In the present work, CdSe/ZnSe-graded
core−shell NCs with varying confinement potential profile are
studied at the single-particle level. The internal structure of
NCs is determined with the aid of optical, structural, and
chemical probes. Notably, the radiative lifetime for different
nanostructures decays monoexponentially. The variation in the
radiative lifetime due to differing internal structure is
understood on the basis of recently reported first-principles
study on different interfaces of core−shell NCs, in particular
attributed to varying overlap of electron−hole wave functions.
The single NC measurements reveal that the percentage of
nonblinking NCs is higher for slowly varying confinement
potential. Statistically suppressed blinking (∼80%) and a single
exponential PL decay curve, accompanied by a very narrow
(∼30 meV) emission line at the single NC level, are observed in graded CdSe/ZnSe core−shell NCs.

■ INTRODUCTION

In a quest to obtain brightly emitting nanocrystals (NCs),
core−shell structures formed by the epitaxial growth of a few
layers of wide-gap semiconductor on core NCs are being
persuaded.1,2 These are robust against environmental as well as
light degradation.2 Although the shell prevents surface
recombination, the exciton still remains delocalized within the
core and shell.3 An overlap of electron and hole wave functions
can be controlled precisely by manipulation of core size and
shell thickness.4,5 Contemplated efforts on core−shell NCs
exploiting additional degrees of freedom such as core diameter,
shell thickness, and ultimately composition profile of NCs have
evolved a novel field in the realm of nanoscience coined as
“wave function engineering”. Variation in chemical composition
along the NC radius yields superior optical properties due to
minimal interfacial strain and defects.6−11

Radial change in confinement potential will have an effect on
the localization of charge carriers and hence on the optical
properties of the NCs. Manifestations of diverse microscopic
composition and hence dissimilar confinement potential shape
are being looked at from various angles.12−16 It can be ideally
revealed at a single NC level. Semiconductor NCs, at individual
level, show random fluctuations in photoluminescence (PL)

emission intensity with time, on continuous excitation, a
phenomenon commonly referred to as PL intermittency or
“blinking”. Suppression of blinking in semiconductor quantum
dots therefore forms a major topic of interest in the field of
semiconductor quantum dots.17−22 The origin of blinking,
however, is not fully comprehended. Mainly two processes are
thought to be responsible for the suppression of blinking, the
Auger-assisted blinking and trap-assisted blinking.23−29 Both
these phenomena involve a free or residual charge carrier.
Aside from passivation by peculiar molecules,17 the blinking

suppression in NCs was first reported18 in thick CdS-shell-
covered CdSe NCs. Thereafter, in CdSe/ZnSe-graded core−
shell NCs it was demonstrated.30 However, due to oversight in
their measurements, the paper was retracted31 recently. A
crucial role of the shape of confinement potential in Auger
recombination is seen12 from the effective mass approximation
based calculations. A later report on the internal structure of
CdSe/CdS-graded NCs and their photophysical properties
supported by the tight binding calculations indicates13 that the
smaller overlap of hole and electron wave function in the
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graded NCs could result in the blinking suppression.
Controlled alloying of the core−shell interface was shown32

to be responsible for suppression of Auger recombination rate
in CdSe/CdS NCs. Meanwhile, the graded NCs have succinctly
demonstrated suppression/elimination of ubiquitous blink-
ing.33−36 Giant CdSe/CdS quantum dot−silica−gold structures
are reported37 to be nonblinking. Thicker CdS layers on CdSe
quantum dots are required to reduce blinking.18,19 Studies on
the giant core−shell structures show reduction of blinking,
attributed to reduced Auger recombination due to formation of
alloy at core/shell interface.38

The larger conduction band offset of ZnSe with CdSe (that
could effectively push mobile electrons toward the central
region), aside from a wider band gap than CdS, makes it a
preferred alternative to explore the feasibility of blinking
suppression. Smaller sized CdSe/ZnSe-graded NCs are hence
anticipated to show blinking suppression. However, the
experiments carried out on giant CdSe/ZnSe NCs reveal
substantial blinking.39,40 On the contrary only about 25% NCs
of linearly graded alloy shell CdSe/ZnSe NCs show36

suppressed blinking.
Followed by our earlier work on highly photoluminescent

(PL efficiency of about 60%) NCs with narrow emission line
width, suppressed blinking in graded CdSe/ZnSe NCs with
three different composition profiles is studied. The compara-
tively improved quality of NCs is seen in the single exponential
photoluminescence decay time of graded NCs. The results are
understood on the basis of recently reported first-principles
study41,42 of the charge carrier wave functions of different
core−shell interfaces.

■ EXPERIMENTAL SECTION
Graded and alloyed NCs are synthesized by the wet chemical
method, synthesis and structural details are reported earlier.11,15

In brief, Zn and Cd precursors were mixed in noncoordinating
solvent, and the Se precursor was injected at elevated
temperature (300 °C). Due to the different reactivity of Cd

and Zn precursors, structures with CdSe-rich core and ZnSe-
rich shell, with radially graded composition from core to shell,
are formed. Annealing graded structures for longer time
duration diffuses Zn and Cd, leading to the formation of
uniform alloy (homogeneous microscopic composition within
the NC). Two different graded core−shell NCs with Cd
concentration of 48% and 36% (named as Graded-48 and
Graded-36, respectively) and a uniform alloyed sample (with
Cd concentration 36%) named as Alloy-36 are presented here.
The concentration of Cd is determined by ICP-AES. The
formation of graded structure and alloyed structure is proved
with the aid of optical and X-ray photoelectron spectroscopic
studies.11

Optical absorption measurements on the ensemble were
performed on a PerkinElmer λ 950 spectrophotometer. PL
measurements on the ensemble were performed on a home-
built PL setup consisting of Jobin Yvon triax 180 as an
excitation monochromator, JobinYvoniHR 320 as an emission
monochromator, photomultiplier tube as the detector, and a
450 W Xe lamp as a source. Spectrally resolved imaging at the
single-particle level has been performed on a home-built Nikon
TE 2000U inverted optical microscope based setup. Setup,
sample preparation, and data handling details are summarized
in the Supporting Information. Time-resolved photolumines-
cence (TRPL) measurements were carried out on an
Edinburgh Instruments, FLSP920 system. The sample is
excited with a flash lamp operating with 6.8 kV voltage and
40 kHz pulse frequency. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements were carried
out on Spectra Acros Spectrometer.

■ RESULTS AND DISCUSSION
Manifestations of the radial variation in the composition of
Graded-48 and Graded-36 NCs are evaluated with the aid of
ICP-AES, TEM, and optical measurements. Figure 1a shows
ICP-AES data of aliquots as a function of reaction time in the
case of Graded-36 NCs. It is clear from the graph that during

Figure 1. (a) Composition of Graded-36 NCs at different reaction time as determined by ICP-AES. (b) Optical absorption and PL evolution as a
function of reaction time for Graded-36 NCs. (c) TEM histogram of Graded-36 NCs at different reaction times. (d) Optical absorption and PL
evolution as a function of reaction time for Graded-48 NCs.
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the initial reaction time the sample is Cd rich. Excess of Cd
during initial reaction would imply CdSe nuclei formation and
further growth of the CdSe-type core. The Cd precursor is
more reactive toward Se as compared to the Zn precursor; this
difference in reactivity is causing the generation of CdSe-type
nuclei.8,43As the reaction proceeds the amount of Cd declines,
which is associated with incorporation of Zn in subsequent
growth. ICP-AES data also depict that during the initial
reaction times, along with the larger concentration of Cd, a
small amount of Zn is also present, and it progressively
increases. This suggests a probability of graded structure
formation. However, all possibilities need to be reviewed
carefully before arriving at any conclusion. In principle, three
different configurations, viz., CdSe/ZnSe abrupt core−shell
structure, graded structure with CdSe-rich core and ZnSe-rich
surface, and uniform CdxZn1−xSe alloy, are possible. Informa-
tion about each of these structures would be reflected in the
optical absorption of NCs while growth is progressing. If the
abrupt core−shell structure would have formed, then, during
growth of the CdSe core, the optical absorption will red shift,
and also on overcoating with ZnSe a slight red shift is expected
due to leakage of wave function in the shell region. Figure 1b
depicts the evolution of optical absorption and PL with reaction
time for the Graded-36 sample. During the initial reaction the
optical absorption red shifts, followed by the blue shift at a later
stage. The blue shift in optical absorption indicates that the
structure is not an abrupt core−shell structure. The blue shift in
the optical absorption is a consequence of diffusion of the Zn
atom in the CdSe core, leading to alloyed or graded interface
formation.10,44

If a homogeneous alloy would have formed in a chemical
reaction, for a given size, the band gap of NCs would be
determined by composition.10,45 In a homogeneous alloy, as
long as uniform composition is maintained, the band gap would
red shift with growth, due to weakened quantum confinement.
It is clear from ICP-AES data that after about 2 min Cd and Zn
concentration is not changing appreciably. Therefore, if a
homogeneous alloy would have formed, with an increase in
size, one expects a red shift in optical absorption or at least no
change in optical absorption peak position (if NCs do not grow
larger) with reaction time. However, optical absorption features
clearly blue shifts as the reaction proceeds. Moreover, the blue
shift in optical absorption persists up to about 3 h. A similar
trend is followed by PL spectra. Notably, appreciable size
variation for Graded-36 (10 min reaction time) and Alloy-36 (3
h reaction time) is not observed (see Supporting Information
for TEM data). After 3 h the peak position does not change.
Following the above discussion it is clear that a uniform alloy is
formed only if the reaction is carried out for a longer time
duration of ∼3 h. For Graded-36 and Graded-48 NCs the
reaction is carried out up to 10 min only. Therefore, the
possibility of Graded-36 being a homogeneous alloy is ruled
out, leaving us with the only possibility that NCs are indeed
graded with the CdSe-like core and ZnSe-like surface. In our
previous publication, X-ray photoelectron spectroscopic (XPS)
measurements were reported on Graded-36 and Alloy-36 NCs
(annealed for 3 h).11 The XPS data indicate that after 10 min of
reaction a very small amount of Cd is present on the surface.
On the other hand, the amount of Cd on or near the surface
after 3 h of annealing is equivalent to Cd inside the core of the
NCs. Thereby, formation of an abrupt core−shell NC is ruled
out. One may inevitably conclude the formation of a graded
structure after a reaction time of about 10 min.

TEM measurements of aliquots removed from the reaction
vessel during the growth of Graded-36 NCs were carried out
(Supporting Information). At 10 s, the size of the NCs is about
2.3 ± 0.8 nm; at 120 s, it is about 3.3 ± 0.5 nm; at 300 s it is
about 3.6 ± 0.5 nm; and at 600 s, it is about 4.5 ± 0.5 nm. For
the duration of 10 800 s (3 h), it is about 4.9 ± 0.8 nm. It is
thus clear that even though the size of the NCs is increasing
with the reaction time optical absorption does not monotoni-
cally reveal a red-shift. TEM histograms are depicted in Figure
1c.
Progressive variation in the optical absorption and PL curves

of Graded-48 NCs is illustrated in Figure 1d. With increasing
reaction time (and hence with increasing size), optical
absorption feature as well as PL emission feature reveal a red
shift, followed by the blue shift. Again in this case, as well,
nonmonotonic variation in the optical features indicates
formation of graded NCs.
The band gap variation in Graded-48 is similar to Graded-36.

In order to see the difference in Graded-48 and Graded-36, a
shift in band gap with respect to the initial nuclei is plotted as a
function of reaction time in Figure 2a. In Graded-48, the red

shift with growth of NC persists for relatively longer reaction
time, as compared to Graded-36. We believe that this is due to
the relatively smaller amount of Zn incorporation in Graded-48
NCs in early reaction times, compared to Graded-36.
Moreover, the blue shift in band gap is relatively small for
Graded-48, compared to Graded-36 (Figure 2a), indicating a
smaller amount of Zn incorporation and diffusion as the
reaction proceeds. Therefore, the concentration of Cd varies
slowly in Graded-48 relative to Graded-36. On the atomic level,
a relative amount of Cd in Graded-48 and Graded-36 decreases
from the center to the surface of the NC. Consequently, the
confinement potential increases from the core to surface, albeit
with a varying degree. The amount of Cd in the adjacent layers
in Graded-36 varies rapidly compared to Graded-48;
consequently, the confinement potential in Graded-36 is
rapidly varying compared to Graded-48. Alloy-36 NCs have
radially homogeneous composition leading to a flat confine-
ment potential.
Theoretical calculations and experimental measure-

ments12,13,32,42 on the graded NCs implicate the variation in
the confinement potential, by means of wave function overlap,
on the Auger decay rate. Moreover, the reduction of wave
function overlap of electron and hole wave function due to
grading leads to13,32an increase in the lifetime. First-principle
calculations on CdS/ZnS and CdSe/CdS structure41,42 suggest
that compared to abrupt core−shell structure the electron and
hole wave functions are effectively confined within graded

Figure 2. (a) Shift in optical absorption of Graded-36 and Graded-48
(with respect to 10 s optical absorption), for different reaction times.
(b) Time-resolved photoluminescence spectra for Graded-36, Graded-
48, and Alloy-36 sample.
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core−shell NCs. The differential overlap of these wave
functions compared to abrupt core−shell structure is thought
to be the major reason for reduction in Auger pro-
cesses.13,32,41,42 However, it is worth pointing out that a
dependence of wave function overlap on the potential gradient
is not reported in the literature. This information is crucial in
order to engineer the wave function overlap. The lifetime is
inversely proportional to the electron hole wave function
overlap.4,13,14,32,41,46−48As the overlap decreases, the lifetime
increases. In a core−shell structure the delocalization of
electron and hole depends on bulk band offset between the
valence band and conduction band. The smaller conduction
band offset will allow electrons to spread inside the shell of the
core−shell NC, effectively reducing the overlap. Similarly, a
smaller offset between the valence band will delocalize the hole
and reduces the overlap between the electron and hole wave
functions. However, as the effective mass of the hole is larger
than that of an electron, the delocalization of the hole is
relatively smaller, and hence the overlap will not change to a
larger extent.42 Moreover, if a graded interface or graded
structure is present, the electron and hole will be effectively
confined toward the core.13,32,42As discussed previously, NCs
under study are characterized by CdSe-like composition at the
center and ZnSe-like composition at the surface. So the
effective band alignment will be similar to CdSe/ZnSe core−
shell structure. The bulk conduction band offset in CdSe/ZnSe
is larger compared to valence band offset. This will lead to
spreading of the hole wave function toward the surface. On the
other hand, the electron will be strongly confined within the
core. In order to estimate the effective overlap of electron and
hole wave functions, the time-resolved photoluminescence
measurements were carried out.

Figure 2b shows the decay curve for Graded-36, Graded-48,
and Alloy-36 NCs. The decay curves are single exponential,
indicating minimal interfacial trap levels in the NCs. Albeit, a
subtle but definite difference in lifetime is observed. Radiative
lifetime of Graded-36 is 16 ns, while that of Graded-48 is 19.1
ns and of Alloy-36 is 12.6 ns. Alloy-36 has the smallest lifetime,
as discussed earlier. The smaller lifetime is a consequence of an
increased wave function overlap. On the other hand, the
lifetime for Graded-36 and Graded-48 is shorter compared to
Alloy-36, manifesting a reduced overlap of electron and hole
wave function in graded NCs. As discussed previously in CdSe/
ZnSe, the electron is strongly confined, and the hole is
delocalized toward the surface. The measurements indicate that
relatively slowly varying confinement potential in Graded-48
allows the wave function to further delocalize. However, the
hole being heavy, the delocalization toward the surface will be
very small. Hence, the change in wave function overlap as
reflected in radiative lifetime will be very small. As discussed
previously, the role of grading is also observed in confining the
electron and hole at the core of the NCs.13,16 Somehow, these
graded structures reduce the overlap and also confine the
electron and hole near the core.
In order to visualize the wave functions under varying

confinement conditions, simple quantum mechanical calcu-
lations based on the finite element method (FEM) were carried
out. For this purpose we have considered four different
configurations, rapidly varying potential (Similar to Graded-
36), slowly varying potential (Graded-48), flat potential (Alloy-
36), and core−shell structure (CdSe/ZnSe) (Figure 3). Details
of the calculations are provided in the Supporting Information.
As expected in alloy the electron and hole wave functions are
spread throughout the NCs and show substantial overlap. On
formation of core−shell structure the electron wave function is

Figure 3. Row 1: Cartoon depicting the composition change. Row 2: Change in effective confinement potential. Row 3: Ground-state electron and
hole wave functions calculated from the potential using finite element method for column (a) Graded-36, (b) Graded-48, (c) Alloy-36, and (d)
abrupt core−shell.
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more localized in the core as compared to hole wave function.
This is because of the smaller valence band offset, present in
CdS/ZnSe. In Graded-36, the electron and hole wave functions
are well confined near the core and have a smaller amount of
overlap as compared to alloy. In Graded-48 both electron and
hole are confined within the core more effectively, but the
overlap of the electron and hole is rather less than the Graded-
36. These results effectively support our claim that due to
differences in the confinement potential shape the electron and
hole wave functions are confined to a different extent in the
NCs. The overlap of the wave function is dictated by the shape
of the confinement potential. We agree that these calculations
are preliminary though they do show the trend in the wave
function overlap.
The emission behavior of the NCs at the single-particle level

is recorded with a spectrally resolved laser epi-fluorescence
microscope capable of single-molecule detection. Observed
fluorescence intermittency, with clear demarcation between
“ON” and “OFF” states, indicates that we detect intermittently
individual NCs. Emission from Graded-48 and Graded-36 is
steady with only occasional blinking. On the other hand, a
substantial amount of blinking is observed in Alloy-36 (see
Supporting Information, movies 1, 2, and 3). Data are collected
on several hundreds of NCs, and ∼150 NCs from each set are
analyzed in detail. Representative intensity traces of individual
NCs from Graded-48, Graded-36, and Alloy-36 are shown in
Figure 4a, b, and c, respectively. The intensity histogram for
each trace (Figure 4a, b, and c, right panel) exhibits that NCs of
Graded-48 and Graded-36 are in the “ON” state for a longer
time span, while NCs of Alloy-36 are in the “OFF” state for

longer times. Figure 5a, b, and c illustrates the percentage of
on-time distribution for Graded-48, Graded-36, and Alloy-36,

respectively, from which pronounced PL intermittency of
Alloy-36 compared to Graded-36 and Graded-48 is elucidated.
Hereafter, the term “suppressed blinking” will be used for the

NCs which remain ON for more than 90% of total recording
time, while the term “nonblinking” would characterize the NCs
that remain ON for more than 99% of the recording time. For
Graded-48, more than 80% NCs exhibit suppressed blinking,
and more than 75% NCs are nonblinking. For Graded-36, more
than 83% NCs show suppressed blinking, and more than 66%
are nonblinking. Thus, on a statistical basis, even though
Graded-48 and Graded-36 both show suppressed blinking, the
fraction of NCs showing nonblinking behavior is larger for
Graded-48. In contrast, however, for Alloy-36, less than 10% of
NCs show suppressed blinking, and remarkably, not even a
single NC is nonblinking.
Statistically different blinking behavior (Figure 5, and

Supporting Information, Movie 1, 2, and 3) for Graded-48,
Graded-36, and Alloy-36 should be attributed to the change in
the shape of confinement potential. Blinking actually stems
from Auger-assisted and trap-assisted recombination. As
discussed earlier, comparatively longer radiative lifetime of
Graded-48 with respect to Graded-36 implicates rather smaller
electron−hole wave function overlap in the preceding case, thus
tending to inhibit the Auger recombination. Moreover, both the
Graded-48 and Graded-36 are grown by a single-pot protocol,
whereby defects and interfacial strain are minimal in graded
NCs,11 which ensures negligible trap density within the NC.
The only trap levels available are the ones at the surface of the
NCs. Low-temperature PL spectroscopy further reveals the
minimal interfacial defects.15 Moreover, in graded core−shell
NCs, the electron and hole are localized in the central region,
resulting in minimized trap-assisted blinking. On the other

Figure 4. Blinking traces and intensity histogram (right panel) of (a)
Graded-48, (b) Graded-36, and (c) Alloy-36.

Figure 5. Histogram showing “on time” of (a) Graded-48, (b) Graded-
36, and (c) Alloy-36 NCs. Inset shows emission image of individual
NCs.
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hand, for Alloy-36, there is a substantial overlap of electron and
hole wave function making the same susceptible to Auger
recombination, as well as trap-assisted blinking. Moreover the
exciton can now “see” the surface traps as it is no longer
confined in the core regime. As a result, trap-assisted blinking
pathways will also be opened up, and subsequently, Alloy-36
shows considerable blinking.
Spectrally resolved imaging measurements were performed

on individual NCs. Figure 6a, b, and c shows representative

emission spectra from Graded-48, Graded-36, and Alloy-36
NCs, respectively. We note that the sum of individual spectra
(for ∼150 NCs) matches reasonably well with the ensemble PL
spectra (cf. Supporting Information) and assures that a wide
range of particles contributing to ensemble emission are
covered.
The emission spectra of individual NCs from the same

sample cannot be identical. Figure 6d, e, and f shows the fwhm
distribution of the single-particle emission line in Graded-48,
Graded-36, and Alloy-36, respectively. Mean fwhm of Graded-
48, Graded-36, and Alloy-36 is 53 ± 10, 49 ± 10, and 49 ± 10
meV, respectively. However, the values of fwhm at the single-
particle level are smaller than the ensemble value and range
between 25 and 90 meV (Table 1). At room temperature, the
fwhm of a single NC is ubiquitously reported20,49−51 between
50 and 70 meV. In the present study, considerable NCs show
narrow fwhm (∼30 meV or less).
More information on the spectral behavior can be gleaned

out from the spectral diffusion studies. Spectral diffusion in
NCs arises from the Stark effect caused by diffused charges
around the NC.52 The blinking is also caused by the extra
charge carrier. In fact, the nonblinking NCs show negligible
spectral diffusion. On the other hand, an alloy sample exhibits
substantial blinking and spectral diffusion (inset in Figure 6a, b,
c). Moreover, a closer look at the spectral diffusion reveals that

the spectral diffusion is substantial just before or after the
emission turns OFF. It is clear that the spectral diffusion is
caused by the ejected charge from the NC. The extra charge
that is remaining inside the NC is then causing blinking by
either an Auger-assisted or trap-assisted mechanism. In the case
of graded samples where the charge carriers are confined inside
the core there is substantially less spectral diffusion as well as
blinking. This clearly indicates that the confinement potential
avoids ejection of charge. The above results indicate the
possible mechanism by which the blinking is suppressed by the
graded structure.

■ CONCLUSIONS
To summarize, we have examined CdSe/ZnSe-graded NCs
with varying shape of confinement potential at the single-
particle level as well as at the ensemble level. Single exponential
decay curves assert minimal defects due to lattice mismatch.
Longer PL decay time is a manifestation of the internal
structure with relatively larger CdSe-like core and slowly
varying confinement potential. As suggested by earlier
experimental and theoretical reports, increased PL decay time
in graded NCs is a measure of reduced wave function overlap.
The effect of slowly varying confinement potential on

blinking and spectral properties of single NCs is studied
statistically. In graded NCs, the localization of electron and hole
in the core region refrains the charge carriers from seeing the
surface traps and reduces the probability of Auger ionization,
leading to reduction in blinking as well as spectral diffusion.
Along with suppressed blinking of these NCs, single-particle
spectra show an extremely narrow, single peaked emission line.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.6b01247.

Details of synthesis, single-molecule imaging and spec-
troscopy, high-resolution transmission electron micro-
graph of samples, fitting procedure to obtain oscillator
strength, and computational details (PDF)
Blinking movies (AVI)
Blinking movies (AVI)
Blinking movies (AVI)

Figure 6. PL spectra of individual NCs in (a) Graded-48, (b) Graded-
36, and (c) Alloy-36. Inset of (a), (b), and (c) shows the typical,
temporal emission behavior of Graded-48, Graded-36, and Alloy-36
NCs. Distribution of fwhm as a function of emission energy is
presented for (d) Graded-48, (e) Graded-36, and (f) Alloy-36 NCs.
Width of arrow in d, e, f is standard deviation in energy (horizontal
arrow) and fwhm (vertical arrow), and the intersection point
corresponds to mean value of fwhm and energy. The solid circles in
(d), (e), and (f) indicate ensemble values.

Table 1. Physical Properties Such as Particle Size, Band Gap,
Ensemble, and Single-Particle Emission Energy and fwhm of
Graded and Alloy NCs

measured parameters Graded-48 Graded-36 Alloy-36

size of NCs from TEM (nm) 4.9 ± 0.5 4.5 ± 0.5 4.9 ± 0.8
ensemble optical absorption
peak position (eV)

2.19 2.24 2.34

ensemble PL peak position
(eV)

2.13 2.21 2.32

ensemble fwhm (meV) 106 105 103
single NC mean PL peak
position (eV)

2.13 2.23 2.32

single NC PL peak deviation
(eV)

0.047 0.044 0.042

single NC mean fwhm (meV) 53 49 49
single NC fwhm deviation
(meV)

10 10 10

% of NCs showing suppressed
blinking

∼80 ∼83 <10

% of nonblinking NCs ∼77 ∼66 -
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