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ABSTRACT Internal structures of extraordinarily luminescent semiconductor
nanoparticles are probed with photoelectron spectroscopy, establishing a gradient
alloy structure as an essential ingredient for the observed phenomenon. Compa-
rative photoluminescence lifetime measurements provide direct evidence for a
minimization of nonradiative decay channels because of the removal of interfacial
defects due to a progressive change in the lattice parameters in such graded
structures, exhibiting a nearly single-exponential decay. Quantum mechanical
calculations suggest a differential extent of spatial collapse of the electron and the
hole wave functions in a way that helps to enhance the photoluminescence
efficiency, while at the same time increasing the lifetime of the excited state, as
observed in the experiments.

SECTION Nanoparticles and Nanostructures

S emiconductor nanocrystals (NCs) exhibit unprece-
dented tunability of optical and electronic properties,
with the possibility of intense photoluminescence

(PL).1-9 However, an increase in the surface to volume ratio
with a decrease in the particle size gives rise to surface related
defect states in the mid gap region providing faster nonradia-
tive decay channels to the excited electrons and holes, redu-
cing the PL efficiency.10,11 Though high quantum efficiency
(QE) has been occasionally obtained from CdSe NCs with a
specific wavelength,12 the general strategy to achieve higher
QE across the visible range follows the route of passivating
danglingbonds on the surfaceof the coreNCwith the help ofa
shell of another semiconductor material with a higher band-
gap, for example CdS or ZnS, on top of a CdSe core.13-15

Unfortunately, however, the sharp latticemismatch across the
interface between the core and shell materials gives rise to a
strain that is often relieved by creating dislocations at the
core-shell interface, giving rise to competing nonradiative
decay channels, reducing QE typically ∼50%.13-18 Another
detrimental effect for QE in NCs, particularly when excited
with an intense light source, is the nonradiative Auger
recombination.19,20 There are recent attempts to avoid this
by growing a thicker CdS shell on top CdSe core, which
reduces the overlap of electron and hole wave functions.19

Interestingly, nearly ideal PL QE of 85% has been reported
across the visible region for NCs with an overall composition
of CdSe/S where no explicit attempt to make a core/shell
structure was attempted.21 However, the origin of such a high
PL QE and the internal structure of this material, which is
presumably responsible, are not only unknown, but also
intriguing. Therefore, here we investigate reasons for such
nearly ideal PLefficiency usinga combinationof spectroscopy

and quantummechanical calculations. Using the tunability of
the photon energy for photoelectron spectroscopy (PES)22-26

at the VUV beamline and laboratory sources, complemented
by results from transmission electron microscopy (TEM) and
UV-visible absorption spectra, we report here the internal
structure of these extraordinarily luminescent CdSe/S NCs to
be one with a graded interface. Our experimental findings in
conjunction with quantummechanical calculations provide a
natural explanation of the extremely high QE of these NCs,
beyond that of a typical core/shell NC in two distinct ways:
(1) by removing anypossible interface related defect states by
allowing a continuous variation of the lattice parameter from
the core to the shell of these NCs, instead of a sharp interface,
and (2) leading to spectacular collapses of the valence band
maximum (VBM) and conduction band minimum (CBM)
wave functions toward the center of the core in a differential
manner reducing their overlap.

We have synthesized two samples of CdSe/S NCs termed
here as samples I and II, which were prepared with different
Se/S ratios of 1:5 and 1:50 in the reaction mixture, as
described in ref 21 in order to achieve different emission
wavelengths with maxima at 2.03 and 2.37 eV, respectively
(see Figure S1 in the Supporting Information (SI)). TEM
images (not shown) establish that samples I and II have
spherical particles with overall radii of 3.1 and 2.8 nm,
respectively, with ∼8% size distribution in both cases. We
also synthesized a reference CdSe core-CdS shell NC sample
following ref 27, termed here sample III, with a known core
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radius of 2.8 nm and a shell thickness of 1.6 nm (∼5 mono-
layers of CdS), as determined from TEM, UV-visible absorp-
tion, and PL data. Photoemission spectra were obtained at the
high-brilliance, undulator-based VUV beamline of Elettra, a
third-generation synchrotron source, and laboratory-based
spectrometers providing a wide range (300-1486.6 eV) of
photon energy, hν. We note that the probability of a photo-
excited electron to emerge out of a sample without suffering
any inelastic scattering and therefore contributing to the PES
signal decreases exponentially with the distance traversed by
the photoemitted electron within the solid; this exponential
decrease is characterized by the length scale, inelastic mean
free path that is a function of the kinetic energy of the photo-
ejected electron, which in turn depends on hν for a given core
level. Thus, we can collect information about the elemental
composition along the radius of the NC in a layer-by-layer
fashion by sequentially probing deeper with increasing hν,
providing a unique tool to establish the internal structure of
even complex NCs, particularly when used in conjunction with
TEM and absorption results to constrain some of the para-
meters in the structural model.28,29

Typical photoelectron spectra from the S 2p þ Se 3p over-
lapping regions for a selection of photon energies are shownby
open circles for sample I in Figure 1; similar spectra for samples
II and III, not shown here for brevity, were also obtained. It is
straightforward to separate these twocomponents, as shown in
the figure, using a least-squared-error fitting procedure (see the
SI).30 Clearly, the spectra show systematic changes in relative
intensities of S and Se contributions with hν. Besides an
obvious dependence of the core-level photoionization prob-
ability on the hν, these spectral changes reflect compositional
variation as a function of the depth of the sampling volume
from the sample surface with an increasing bulk sensitivity of
the spectrum arising from the increasing hν. Thus, results in
Figure 1 showing rapid changes in the relative intensities of the
two components with a changing bulk sensitivity of the probe
and similar data for other two samples preclude the possibility
of these samples being compositionally homogeneous.

The relative Se:S intensity (ISe/IS) for a given model of the
nanoparticle can be easily expressed quantitatively in terms

of parameters describing the internal structure (see the SI).28

WeassumedaCdSe/CdSeS/CdScore/alloyed-shell/shell arrange-
ment to describe the internal structure (inset to Figure 1a)with
R1 as theCdSecore radius,R2-R1 as the thickness of theCdSeS
alloyed-shell, R3- R2 as the thickness of CdS shell, and R- R3

being the thickness (Tcap) of the organic capping layer. In order
to limit the number of possible models to be explored, we con-
sider only two types of alloyed shell, one with a homogeneous
composition, and the other with a linearly changing composi-
tion profile (“graded alloy”). In the gradient layer, the number
density of S, nS(r), is varied linearly between R1 and R2 as
(r - R1)/(R2-R1) and that of Se, nSe(r)=1-nS(r). While it is
straightforward to incorporate more complex variations in nS

and nSe in our analysis, it becomes difficult to distinguish
between similar functional forms. Therefore, we have made
the simplifying assumption of a linear compositional variation,
as described above, to keep the analysis tractable. We note that
this model of the internal structure is the most general one
under the assumption of spherical symmetry of the composi-
tions; this assumed spherical symmetry is strongly indicated by
the isotropic reactionmediumfor the synthesisof thesesamples
and the overall highly spherical shape observed by TEM. This
model is able to describe a wide variety of complicated internal
structures, including a single homogeneous alloy (R1=0, R2=
R3), apure core-shell (R1=R2), a purecorewithanalloyedshell
(R2=R3), an alloyed corewith a pure shell (R1=0), and so forth
(see the SI). Inset to Figure 1b shows good agreement among
IS/ISe ratios obtained from the PES experiment and the CdSe/
CdSeS/CdS core/gradient-alloy-shell/shell model NC at different
photonenergies.Optimized values ofR1, (R2-R1),R3, andTcap
for the best fit to spectroscopic data are given in Table 1 for all
three samples, with results from sample III with a simple core-
shell structure servingas a test for the reliabilityof this approach.
It is gratifying to note that the extracted radius of the core and
the shell thicknesses fromPES analysis for all these samples are
in verygoodagreementwith the correspondingvalues obtained
from TEM and UV-visible absorption31 data. Table 1 clearly
shows that these highly luminescent samples (I and II) have a
complex internal structurewith significant presence of a graded
alloy phase, this being dominant for sample II. Inductively

Figure 1. Photoemission spectra (open circle) of the S 2p and Se 3poverlapping regions; the thin red line and blue dashed line are the simulated
spectraof S2pandSe3p, respectively, the thickblack line is theoverall fit at threedifferentphotonenergies (a-c) for sample I. The inset inpanel a
is the schematic model for CdSe/CdSeS/CdS core/gradient-shell/shell NCs; patterned white regions correspond to the layer of capping agent. The
inset in panel b compares the intensity ratios IS/ISe obtained from PES experiment (after normalizing with corresponding photoemission cross
sections) with those calculated from the CdSe/CdSeS/CdS core/gradient-shell/shell model NC for sample I as a function of photon energy.
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coupled plasma atomic emission spectroscopy (ICPAES) shows
Cd:Se ratios of 2.1:1 and 4.1:1, and are in good agreementwith
the Cd:Se ratios of 1.7:1 and 4.2:1 calculated from the obtained
internal structure of the NC using PES analysis (Table I) for
samples I and II, respectively. However, we would like to stress
here that, in spite of the consistency of PES results with those
fromTEM, ICPAES, andUV-vis absorption spectroscopy,wedo
not wish to overemphasize the assumed linear dependency of
the composition in the gradient alloy.We believe that a range of
monotonic dependencies around such linear behaviormayalso
yield similar results.What is important to note here is that these
NCs exhibit internal structures containing a gradient alloy with
monotonically varying compositions.

Thesededuced internal structuresareconsistentwithknown
reactivities of the chemical constituent. Under the reaction
condition, Se reacts faster than S, giving rise to the tendency
of forming a relatively Se rich core.21 When S is moderately in
excess compared to Se, as in the synthesis of sample-I, there is
enough Se ions to form a pure CdSe core. However, the
formation of such a core steadily depletes Se ions, thereby
increasing the S:Se ratio in the reaction mixture and forming a
graded alloy structure. If S is very much in excess of Se at the
beginning of the reaction, as in the case of sample II (S:Se =
50:1), the graded alloy structure forms directly without the
formation of a CdSe core (Table 1).

Weprobe the implication of such complex internal structures
on photophysical properties with the help of excited-state PL
lifetime measurements.10,11,32-35 PL lifetime data for a sample
of CdSe NC, sample II, and sample III dispersed in n-heptane,
measured at the corresponding emissionmaxima at room tem-
perature, using a time-correlated single-photon counting techni-
quewith a picosecond laser source are shown in Figure 2. These
data were fitted in terms of multiexponential decays represent-
ingdifferentprocesseswith characteristic lifetimes. The resulting
fit is shown by black solid lines through the experimental data
(colored symbols)with theobtained lifetimes for fittingand their
respective contributions shown as bar diagrams in the inset. It is
evident that the PL decay of CdSe NCs is dominated by a
picosecond decay channel, known32-35 to involve surface and
defect states that, being nonradiative, significantly reduce the
QE. Sample III with a core/shell structure shows considerably
lower contributions from the picosecond decay channel, ex-
plaining the enhanced PL QE for such core/shell samples com-
pared to samples capped only with an organic capping agent.
The nearly single exponential PL decay of sample II has virtually
no contribution from nonradiative picosecond scale decay
channels, providing a natural explanation for the nearly ideal
QE for these NCs. This single exponential decay of PL intensity
for the NC ensemble of sample II at room temperature is indeed

a remarkable exception compared to other reported32-35 II-VI
semiconductor NCs, which generally exhibit multiexponential
PL decays. The absence of nonradiative decay channels for
sample II implies an absence of interfacial defects, and is con-
sistent with the obtained internal structure of the CdSe/CdSeS/
CdS core/gradient-shell/shell,where the gradient-shell provides a
way to smoothly join the inner core and the outer shell with
different lattice parameters, avoiding any sharp core/shell inter-
face, and thereby minimizing the influence of nonradiative
decay channels.

In order to critically probe whether there is any other factor
contributing to the spectacularly high QE in such graded struc-
tures, we carried out electronic structure calculations based on
a parametrized tight binding approach3,4 (see the SI) for an
idealized CdSe/CdS core/shell structure with a perfect lattice
match between the core and shell materials and for a CdSeS/
CdS gradient-core/shell structure. In each case, the core region
contains a total of eight layers with alternating layers of cations
(Cd) and anions (S/Se) and finally a thin shell of pure CdS with
one layer each of Cd and S. In the core/shell structure, the four
anionic layers in the core region consist exclusively of Se. For a
gradient-core/shell structure, the innermost (second layer)
anionic layer consists of only Se and the outermost (eighth
layer) anionic layer of the core region consists purely of S, with
the S/Se content of the anionic layers in between the innermost
and outermost ones being changed to simulate a linear depen-
dence of the composition on the radial position, with random
occupancies of S and Se ions. In both these cases, we also use
an outermost 11th layer of H-like passivating ions.3,4

Since novel properties of NCs usually arise fromchanges in
spatial extensions ofwave functions,wehave represented in a
color-map how valence states (extending below 1.6 eV) and
conduction states (extending above 0.8 eV) are distributed
over various layers of core/shell (Figure 3a) and graded-core/
shell (Figure 3b) model systems. Clearly, the valence levels
reside primarily on the even (anionic) layers and the conduc-
tion levels on the odd (cationic) layers. In the caseof both pure

Table 1. Various Radii and Thicknesses Defining the Internal Struc-
ture of the NCs Obtained from PES Analysis Compared with Corres-
ponding Data from TEM, Wherever Possible, Given in Brackets

radius/thickness sample I (nm) sample II (nm) sample III (nm)

R1 2.3 0 2.7

R2 - R1 0.7 1.9 0

R3 (TEM) 3.2 (3.1) 2.7 (2.8) 4.4 (4.4)

Tcap 1.7 1.5 1.8

Figure 2. PL decay curves of CdSe NCs (red triangles), sample II
(olive circles), and sample III (blue squares)with λemission the same
as the corresponding λmax of steady-state emission and excitation
at 418 nm. The best fits to the PL decays are represented by the
overlapping black solid lines, and the corresponding amplitude vs
lifetime is plotted in the inset.
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core/shell andgraded-core/shell structures,VBMandCBMstates
are found to reside almost entirelywithin the core region (layers
1-8). More importantly, the graded-core/pure-shell structure
(Figure 3b) exhibits amore pronounced localization or collapse
of the CBM and VBM wave functions toward the deepest core
region, illustrated by the concentrated high intensity (red) color
from just the innermost cationic andanionic layers, respectively.
The fraction of the density of states (FDOS) from a given layer
normalized by the number of orbitals for various electron
energy levels for both CBM and VBM residing are also plotted
in insets I to Figure 3a,b, respectively. Clearly, the CBMandVBM
wave functions aremore confined toward the core region of the
NC, as indicated by larger FDOS from the innermost layers for
the graded-core/shell structure compared to the pure core/shell
structure. This enhanced confinement of charge carriers toward
the core region for the graded-core/shell structure reduces their
overlapwith surface states, thereby reducing the surface-related
nonradiative channels and increasing the QE, compared to the
pure core/shell structure.

Another consequence of graded-core/shell structure is that
the VBM wave function has a smaller overlap with that of the
CBM for the graded-core/shell structure in spite of an enhanced
confinement of both types of charge carriers. This is easily
traced to a differential localization with the VBM wave function
collapsing toward the core more prominently compared to the
CBMwave function for thegradedstructure, as shown in insets II

of Figure 3a,b. It is well-known that the potential barrier for the
hole is substantially higher compared to that for the electron at
the CdSe/CdS interface.15,19 Thus, the graded structure with a
continuously changing Se/S ratio along the radial direction
localizes the hole wave function more effectively in a sort of
funnel action compared to the localization of electrons. Such a
differential extent of localizations, leading to a reduced CBM-
VBMoverlap for the graded structure is expected19 to give rise to
a longer radiative lifetime for the graded-core/shell structure
compared to the pure core/shell ones, which is indeed observed
experimentally (see inset in Figure 2). This reduction of the
electron-hole wave function overlap is expected19 to suppress
the detrimental nonradiative Auger processes that dominate at
higher excitation intensities.

In conclusion, we have determined for the first time the
complex internal structureof highly luminousCdSe/SNCs,using
the unique capability of synchrotron-based PES. These results
show that the naturally formed graded alloy structure of these
NCs allows the composition to vary gradually, ensuring negli-
gible lattice mismatch at all levels, avoiding the usual misfit
dislocations that tend to form at the sharp interface of the
grossly lattice-mismatched core/shell structures. Consequently,
a unique single exponential PL decay has been observed from
the ensemble of these graded NCs, at room temperature with
negligiblecontribution fromnonradiativepicosecond time-scale
processes arising fromsuchdefect states.Quantummechanical
calculations show that a graded-core/shell structure leads to
both a remarkable collapse of the relevant wave functions for
PL, namely, those for VBMandCBM, toward the innermost part
of the core, and a reduction of the VBM-CBM overlap via diffe-
rentdegreesof this localization.While the first effect reduces the
surface-defect-related nonradiative decays, the second effect is
supposed to reduce the nonradiative Auger recombination that
becomes important at higher excitation intensities. Thus, the
observed nearly ideal PL efficiency with nearly single exponen-
tial PLdecay for the graded structure ismainly attributed to (1) a
minimization of interfacial defects and (2) reduction of surface
related nonradiative decays.

SUPPORTING INFORMATION AVAILABLE Details of the
experiment, decompositions of PES spectra, quantitative model-
ing for relative Se:S intensity obtained by PES, and theoretical
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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