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T
he ability to grow nanostructures
consisting of two or more semicon-
ductors (nanoheterostructures) has

dramatically increased the range of nano-
materials available for optoelectronic ap-
plications. Nanoheterostructures can be
broadly classified in two categories: Type-I
nanostructures, in which the electron and
the hole wave functions (in their respective
ground states) are localized in the same
region of space within the nanostructure,
and type-II nanostructures, in which the
electron and the hole wave functions are
localized in different regions of space;
usually corresponding to different materi-
als. Examples of type-II nanostructures in-
clude GaSb/GaAs1 and Ge/Si2 self-assembled
quantum dots grown by molecular beam
epitaxy, CdTe/CdSe,3 CdTe/CdS,4 CdSe/
ZnTe,3 CdS/ZnSe,5 and CdS/CdTe6 core/
shell nanocrystals and nanorods grown by
colloidal chemistry methods, as well as Ge/
Si,7 GaN/GaP,8 and ZnO/ZnSe9 coaxial core/
shell quantum wires grown by vapor�
liquid�solid or chemical vapor deposition.
Type-II nanostructures encompass a wide
range of physical properties that are not
readily accessible in conventional type-I
nanostructures: (i) type-II nanostructures
typically emit light at lower energy than
their individual constituents;3 (ii) electron�
hole spatial separation results in longer
exciton radiative lifetimes;1,10,11 (iii) interfa-
cial exciton dissociation can occur even in
the absence of a built-in electric field,12,13

which may considerably simplify the archi-
tecture of nanostructure-based solar cells;
(iv) strong electron�electron and hole�
hole Coulomb repulsion leads to a blue shift
of the biexciton absorption energy with
respect to the single-exciton emission energy,
which may enable lower gain thresholds in

nanostructure lasers;5 (v) reduced electron�
hole overlap tends to decrease the Auger
recombination rate of charged excitons
and multiexcitons,11 which may contribute
to mitigate blinking effects in individual
nanocrystals.14

While in planar, lattice matched hetero-
structures the spatial localization of the
electron and hole wave functions is entirely
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ABSTRACT

CdTe/CdSe core/shell nanocrystals are the prototypical example of type-II nanoheterostructures, in
which the electron and the holewave functions are localized in different parts of the nanostructure. As
the thickness of the CdSe shell increases above a fewmonolayers, the spectroscopic properties of such
nanocrystals change dramatically, reflecting the underlying type-If type-II transition. For example,
the exciton Stokes shift and radiative lifetime increase, while the decreasing biexciton binding
energy changes sign from positive to negative. Recent experimental results for CdSe nanocrystals
isoelectronically dopedwith a few Te substitutional impurities, however, have revealed a very different
dependence of the optical and electronic properties on the nanocrystal size. Here we use atomistic
calculations based on the pseudopotential method for single-particle excitations and the
configuration�interaction approach for many-particle excitations to investigate carrier localization
and electronic properties of CdTe/CdSe nanocrystals as the size of the CdTe core decreases from a
few nm (characteristic of core/shell CdTe/CdSe nanocrystals) to the single impurity limit. We find that
the unusual spectroscopic properties of isoelectronically doped CdSe:Te nanocrystals can be rationalized
in terms of the change in the localization volume of the electron and holewave functions as the size of
the nanocrystal increases. The size dependence of the exciton Stokes shift, exciton radiative lifetime,
and biexciton binding energy reflects the extent of carrier localization around the Te impurities.
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determined by the valence and conduction-band off-
sets between the constituents, carrier localization in a
nanoheterostructure is also affected by nonhomo-
genous strain fields, quantum confinement effects,
electron�hole Coulomb interactions, and correlation
effects, which may alter the localization of the electron
and hole wave functions15 and therefore determine
the type-I/type-II character of the nanostructure. De-
tailed experimental studies of CdTe/CdSe core/shell
nanocrystals3,10,16�22 have shown that such nanostruc-
tures undergo a type-Iftype-II transition when the
CdSe shell thickness exceeds a certain value, which
depends on the size of the CdTe core. In the type-I
regime, both the electron and the hole are localized
primarily in the CdTe core. In the type-II regime, the
hole is localized in the CdTe core, while the electron is
localized in the CdSe shell. This type-Iftype-II transi-
tionmanifests itself with gradual but dramatic changes
in the spectroscopic properties of CdTe/CdSe nano-
crystals as the CdSe shell thickness increases. These
changes include (i) a significant red shift of the emis-
sion energy, as the electron energy level approaches
the CdSe band edge,3,16�22 (ii) a broadening of the
absorption peaks and the appearance of a low-energy
absorption tail, due to the onset of spatially indirect
absorption transitions,10,18,19 (iii) an increase of the ex-
citon radiative lifetime by a factor of 2 ormore,10,16,17,19,22

and (iv) a changeof sign (frompositive tonegative) of the
biexciton binding energy.10,23

The properties of spherical CdTe/CdSe core/shell
nanocrystals can be mapped onto a Dc/Ds diagram,
where Dc is the CdTe core radius and Ds is the CdSe
shell thickness. Most experimental results for this
system have been obtained in the regime of relatively
largeDc (2�4 nm) and variableDs.

3,17,18 Recently, it has
become possible to dope CdSe nanocrystals with a few
Te atoms, which, according to the experimental anal-
ysis of Franzl et al.,24 leads to the formation of very
small CdTe clusters embedded in the CdSe nanocrys-
tals. This regime corresponds to the Dcf0 limit of the
Dc/Ds diagram. The spectroscopic properties of such
Te-doped CdSe nanocrystals were found to differ sig-
nificantly from those of CdTe/CdSe core/shell nano-
crystals, but the origin of those differences is not fully
understood. Furthermore, the properties of CdTe/CdSe
core/shell nanocrystals with small but finite core size
(0 <Dc < 2 nm) are virtually unexplored. In this work, we
are concerned with the evolution of the electronic
structure of CdTe/CdSe nanocrystals as the size of the
CdTe core decreases, all the way down to the single Te
impurity limit.
Since the hole wave function of a CdTe cluster

embedded in CdSe is strongly localized,10 one may
expect that the type-II character of a CdTe/CdSe core/
shell nanocrystal would persist even in the impurity limit.
However, recent experimental results for Te-doped CdSe
nanocrystals have suggested a more subtle picture.25,26

For instance, the exciton radiative lifetime of CdSe:Te
nanocrystals (with 5% Te content in the injected
solution) is quite large (50�70 ns), which is suggestive
of a type-II character. However, the exciton lifetimewas
found to decrease as the size of the CdSe nanocrystal
increases,25 which is opposite to the trend found in
type-II core/shell nanocrystals.10,16,19,22 Similarly, the
biexciton emission peak of Te-doped CdSe nanocrys-
tals is blue-shifted with respect to the single-exciton
emission peak by as much as 300 meV, which is
indicative of enhanced electron�electron and hole�
hole repulsion, suggesting a type-II band alignment.5

However, the biexciton blue shift decreases as the
diameter of the CdSe nanocrystal increases,25 which
again is in contrast with the behavior of core/shell
nanocrystals.10

To address these apparently conflicting observa-
tions,wehaveperformedatomistic quantum-mechanical
calculations of the electronic and optical properties;
including the exciton energy, lifetime, and fine struc-
ture, as well as the biexciton binding energy;for a
series of Te-doped and core/shell CdSe nanocrystals of
different size and composition. The calculations are
based on the semiempirical pseudopotential method
(SEPM) for the single-particle energy levels and wave
functions,27 and the configuration-interaction (CI) ap-
proach to calculate the excited-state energies and
wave functions.28 We found that the optical properties
of Te-doped CdSe nanocrystals and CdTe/CdSe core/
shell behave very differently as the size of the CdSe
shell increases. This different size dependence can
be rationalized in terms of the different behavior of
the spatial localization of the CdTe-derived hole wave
function. While in CdTe/CdSe core/shell nanocrystals
the hole wave function is rather insensitive to the
thickness of the CdSe shell, in Te-doped CdSe nano-
crystals the localization of the hole wave function
depends strongly on the size of the nanocrystal.

RESULTS AND DISCUSSION

Calculations of Optical Properties of Nanocrystals. Using
the SEPM þ CI method developed for large-scale
atomistic calculations of semiconductor nanostruc-
tures (briefly described in the Method section), we
calculated the following properties of CdTe/CdSe core�
shell nanocrystals and Te-doped CdSe nanocrystals:

(i) Exciton Stokes shift, ΔEX: The exciton Stokes shift
is the energy difference between the first (linear)
absorption peak and the lowest emission peak.29 It is
calculated here as ΔEX = EX

max � EX
0, where EX

max is the
energy of the exciton state that contributes the largest
oscillator strength to the first absorption peak, and EX

0 is
the energy of the lowest exciton state (ground-state
exciton). Both EX

max and EX
0 are calculated using our CI

approach. In small-core CdTe/CdSe core/shell nano-
crystals, EX

max originates from spatially direct transitions
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in the CdSe region of the nanocrystal, while EX
0 origi-

nates from spatially indirect transitions between the
CdTe core and the CdSe shell. As a result, ΔEX tends to
increase as the type-II character becomes more
pronounced.

(ii) Exciton dark/bright splitting ΔEDB: It is well-
known that in most semiconductor nanocrystals the
lowest-energy exciton state is “dark” (optically forbidden).
The exciton dark/bright splitting ΔEDB = EX

B � EX
D is the

energy difference between the first “bright” (optically
allowed) state and the lowest-energy “dark” (optically
forbidden) state. This splitting is causedbyelectron�hole
exchange interactions.28 ΔEDB controls many spectro-
scopic properties of nanocrystals, such as the exciton
lifetime and the photoluminescence intensity at the
room temperature.

(iii) Exciton radiative lifetime τX: The exciton radiative
lifetime is calculated as 1/τX = Σipi(T)/τi, where pi(T) is
the temperature-dependent occupation factor of ex-
citon state i, and τi is its intrinsic lifetime. To determine
pi(T), we use the Boltzmann distribution at temperature
T based on the calculated CI energy levels for the
exciton. The intrinsic lifetime τi is given by30

1=τi ¼ 4noutF
2RE3i jMj2i =3c2 (1)

where nout is the refractive index of the surrounding
medium (here we use nout = 1.44, corresponding to the
octadecene solvent used in experiments),25 F = 3ɛout/-
(ɛnanocrystal þ 2ɛout) is the local field factor (ɛout =
nout
2 and ɛnanocrystal is the effective dielectric constant of

the nanocrystal), Ei and Mi are the energy and the CI
dipole matrix element of the exciton state i, respec-
tively, R is the fine structure constant, and c is the
speed of light.

(iv) Biexciton binding energy ΔXX: The biexciton
binding energy is defined as ΔXX = 2EX

0 � EXX
0 , where

EX
0 and EXX

0 are the single-exciton and biexciton ground-
state energies, respectively. It should not be confused
with the “apparent” biexciton binding energy, which is
obtained from the absorption or emission spectra of
the biexciton.29,31 In pure CdSe nanocrystals, the “ap-
parent” binding energy is 10�20 meV larger than the
“real” binding energy.31 Positive values of ΔXX indicate
biexciton binding, which generally corresponds to a
red-shift of the biexciton emission peak with respect to
the single-exciton emission peak.29 EX

0 and EXX
0 are

calculated here using the CI approach.
Evolution from CdTe/CdSe Core/Shell Nanocrystals to Te-

Doped CdSe Nanocrystals. Te-doped CdSe nanocrystals
can be viewed as the limiting case of CdTe/CdSe
core/shell nanocrystals when the size of the CdTe core
is reduced. To illustrate the transition from a core/shell
nanocrystal to a doped nanocrystal, we show in
Figure 1 the electron and hole quasi-particle energies
and wave functions of a series of CdTe/CdSe nano-
crystals, in which the outer diameter is kept fixed at
4.8 nm, while the diameter of the CdTe core is de-
creased from 2.4 nm (corresponding to NTe = 141)
down to the single impurity limit (NTe = 1). The
nanocrystals are constructed in the zinc-blende lattice
structure. Unless otherwise noted, the CdTe core (as
well as the whole nanocrystal) has the Td point-group
symmetry, and is positioned at the center of the CdSe
nanocrystal. For comparison, the electron and hole
energies and wave functions of a 4.8 nm pure CdSe
nanocrystal are also displayed in Figure 1. As the size of
the CdTe core decreases, the hole wave function
remains localized in the CdTe region, with modest spill

Figure 1. Quasi-particle energy and wave function amplitude of the band-edge states for a series of CdSe nanocrystals (D =
4.8 nm), as a function of the number of Te substitutional impurities. The upper panel shows the geometric arrangement of the
Se (gray) and Te (red) atoms in the nanocrystals. The lower panel shows the energy level, and the spherically averaged wave
function amplitude of the band-edge states, plotted along the radial direction of the nanocrystals.
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over into the CdSe shell, even in the case of a single
Te impurity. Because of increasing quantum confine-
ment in the CdTe core, the hole energy decreases
from �4.83 eV for the nanocrystal with a 141 Te atom
core to �5.53 eV for the nanocrystal with a single Te
impurity (the energies are referred to the vacuum level).
The electron wave function, on the other hand, is
delocalized over the entire nanocrystal. For larger CdTe
cores (NTe g 13) it has maximum amplitude on the
CdSe shell, whereas for smaller CdTe cores (NTe < 13)
the relative amplitude of the electronwave function on
the CdTe cluster increases. In the single Te impurity
limit, the amplitude of the electron wave function at
the center of the nanocrystal is almost unaffected by
the presence of the Te atom. The electron energy in-
creases as the size of the CdTe core increases, even-
tually approaching the conduction-band minimum
energy of a CdTe nanocrystal of equivalent size. The
wave function profiles shown in Figure 1 suggest that
as the size of the CdTe core decreases, the exciton
character is expected to change from type-II (hole
localized in the CdTe core and electron localized
primarily in the CdSe shell) to quasi-type-I (hole loca-
lized primarily in the CdTe core and electron extended
over the whole nanocrystal region). In the following,
we will discuss how electron and hole localization
affects the optical properties of quasi-type-I Te-doped
CdSe nanocrystals as a function of size.

Optical Properties of Te-doped CdSe Nanocrystals as a Func-
tion of Size. The spectroscopic properties of Te-doped
CdSe nanocrystals were investigated in refs 25 and 26
and found to be different from those of CdTe/CdSe
core/shell nanocrystals. In this section we correlate the

size dependence of the optical properties of Te-doped
CdSe nanocrystals with the energy and degree of
localization of the band-edge states. Figure 2 shows
the calculated single-exciton Stokes shift, dark/bright
splitting, and radiative lifetime, as well as the biexciton
binding energy, of a set of Te-doped CdSe nanocryst-
als, as a function of the nanocrystal outer diameter D.
The exciton Stokes shift ΔEX (Figure 2a) decreases
monotonically as the size of the nanocrystal increases.
This behavior is opposite to that observed in conven-
tional CdTe/CdSe cores/shell nanocrystals (in which
the CdTe core size typically exceeds 2 nm). In such
core/shell nanocrystals, the exciton Stokes shift in-
creases as the shell size increases and the type-I/
type-II transition sets in.10,18 The reason for the differ-
ent behavior of Te-doped nanocrystals resides in the
sensitive dependence of the hole energy levels on the
nanocrystal size, which is shown in Figure 3a. While the
ground-state exciton (of energy EX

0) originates mainly
from the (h0, e0) configuration, consisting of the Te-
derived localized hole state h0 (valence-band maxi-
mum) and the more delocalized electron state e0
(conduction-bandminimum), the first absorption peak
(of energy EX

max) originates primarily from configura-
tions in which the electron state is still e0, but the hole
state is localized in the CdSe region of the nanocrystal
(we denote such hole states as hCdSe). The energy
difference between h0 and hCdSe decreases as the size
of the nanocrystal increases, as shown in Figure 3a. This
shift is responsible for the decrease of the Stokes shift
as D increases. Note that in the case of a single Te
impurity (NTe = 1), h0 and hCdSe converge to the same
energy in the bulk limit (Figure 3a). This means that a

Figure 2. Evolution of the optical properties of Te-doped CdSe nanocrystals (NCs) as a function of the outer nanocrystal
diameter: (a) exciton Stokes shift; (b) Energy splitting between the lowest-energy dark excitonic state and the first bright
state; (c) exciton radiative lifetime at 300 K; (d) biexciton binding energy. Note that the Te2 cluster has the C2 (not Td) point-
group symmetry. Filled black symbols denote experimental results from ref 25 (diamonds) and ref 24 (left triangles).

A
RTIC

LE



ZHANG ET AL. VOL. 6 ’ NO. 9 ’ 8325–8334 ’ 2012

www.acsnano.org

8329

single Te impurity in bulk CdSe forms a resonant hole
state inside the valence band, and only introduces a
slight modification of the hole wave function of the
CdSe host. This result is also borne out ofwave function
amplitude plots, shown in Figure 3b,d, and is consis-
tent with experimental probes of Te impurities in
CdS1‑xSex crystals

32 and ZnSe crystals.33�35

The size dependence of the dark/bright splitting
ΔEDB of two Te-doped nanocrystals (NTe = 1 and NTe =
13) is shown in Figure 2b. We see that ΔEDB decreases
rapidly as the nanocrystal size increases, as a result of
the decreased electron�hole overlap, which is mainly
due to amore spread out electron wave function.ΔEDB
drops more rapidly for NTe = 13 than for NTe = 1,
reflecting the transition from the type-II regime
(corresponding to charge separation) to the quasi
type-I regime (corresponding to increasedelectron�hole
overlap), as demonstrated in Figure 1.

Figure 2 panels c and d show the exciton lifetime
and the biexciton binding energy of Te-doped nano-
crystals as a function of nanocrystal size. Interestingly,

we find that the NTe = 1 doped nanocrystals, and to
some extent also the NTe = 2 doped nanocrystals,
follow a different trend with size compared to nano-
crystals with a larger CdTe core. The exciton lifetime τX
(Figure 2c) of the NTe = 1 doped nanocrystal decreases
with increasing size, while the lifetime of the NTe = 4
and NTe = 13 nanocrystals increases with increasing
size (except for very small nanocrystals, where the
larger ΔEDB (Figure 2b) leads to a significantly de-
creased population of the bright exciton states result-
ing in an increased lifetime). Equally remarkable is the
fact that the magnitude of the negative biexciton
binding energyΔXX (Figure 2d) decreases as a function
ofD forNTe = 1, 2, whereas it increases as a function ofD
forNTeg 4. This result can be explained by the fact that
in the case NTe = 1 the hole�hole Coulomb energy Jh,h
decreases very rapidly as the nanocrystal size D in-
creases, as shown in Figure 4. In the case of larger CdTe
cores (NTe g 4), Jh,h also decreases with increasing
nanocrystal size, but at a much lower rate (Figure 4).
Generally, the Coulomb interaction between the same

Figure 3. (a) Evolution of the valence-bandmaximumof CdSe nanocrystals containing 0, 1, and 13 Te impurities as the size of
the nanocrystal is gradually increased up to the bulk limit. (b,c) Contour plots of the correspondingwave function amplitudes
are shown in aplane cutting through the nanocrystal center, for the nanocrystal withD=2.2, 2.8, 3.7, and 4.8 nm, aswell as for
bulk CdSe. The region corresponding to the small CdTe core is marked by a shaded circle. The integral of the wave function
amplitude over the CdTe core region (Pcore) is shown in each subplot as a percentage. The radius of the CdTe core is evaluated
from the number of Te impurity atoms. (d,e) One-dimensional plots of the spherically averaged wave function amplitudes
along the radial direction of the NTe = 1 and NTe = 13 doped nanocrystals, for different nanocrystal sizes.
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carriers is closely related to the carrier localization, i.e.,
the stronger localization is favorable to larger Coulomb
energy. The different size dependence of Jh,h for
different CdTe core sizes is a direct consequence of
the different degree of hole localization, as illustrated
in Figure 3b�e. ForNTe = 13 (Figure 3c,e) the hole wave
function is strongly localized in the CdTe core for any
size of the nanocrystal (including the case in the bulk
limit). The projection of the hole wave function ampli-
tude on the CdTe core region changes gradually from
60.3% for D = 2.2 nm, to 49.6% for D = 4.8 nm, to 47.2%
in the bulk limit (Figure 3c), exhibiting weak size
dependence. On the other hand, in the case of NTe = 1
(Figure 3b,d), the degree of localization for the hole
wave function is strongly sizedependent. Theprojection
on the CdTe core decreases dramatically from 39.7% for
D = 2.2 nm to 14.0% forD = 4.8 nm, down to 0.9% in the
bulk limit (Figure 3b). From this analysis, we conclude
that the different behavior of ΔXX as a function of D for
small (NTe = 1�2) vs large (NTe g 4) CdTe cores is due
to the different degree of hole localization in the CdTe
core region.

Comparison between Theoretical Results and Experimental
Data. Figure 2 shows available experimental data for
the Stokes shift, the exciton lifetime, and the biexciton
binding energy of Te-doped CdSe nanocrystals (to the
best of our knowledge no experimentalmeasurements
of the dark/bright splitting in such nanocrystals are
available). Experimental investigations of the spectro-
scopic properties of Te-doped CdSe nanocrystals are
clouded by the fact that the number and location of the
Te impurities in the nanocrystals is unknown, and also
by the fact that such measurements are typically
performed on ensembles of nanocrystals, so they are
affected by inhomogenous broadening caused by
the distribution of impurities within the nanocrystals,
as well as the size and shape distribution of the nano-
crystals. In the case of the exciton Stokes shift
(Figure 2a), we find excellent agreement between our
calculations forNTe = 1�2 and the experimental results
of ref 25. The calculated exciton radiative lifetime for
NTe = 1 (Figure 2c) is in reasonable agreement with the
measured data.25 Furthermore, the trend of calculated
τX with nanocrystal size for NTe = 1 (and to some extent
also NTe = 2) is consistent with that of experiment. In

Figure 2dwe compare the calculated biexciton binding
energy ΔXX with the measured “apparent” biexciton
binding energy obtained from transient emission
spectroscopy.25 Our calculations for NTe = 1 and NTe = 2
are in good agreement with experiment, and have the
same trend with size as the experimentally measured
binding energy.

Effects of Geometry, Profile, and Location of Te Impurities.
The comparison between our atomistic calculations
and experimental results (Figure 2) strongly suggests
that the spectroscopic features of the synthesized Te-
doped CdSe nanocrystals are attributable to isolated,
single Te substitutional impurities, or to clusters of at
most two Te impurities. This does not necessarily imply,
however, that each Te-doped nanocrystal will contain
exactly one Te impurity or one pair of Te impurities.
Because of strong wave function localization, the pre-
sence ofmultiple Te impurities in the same nanocrystal
may have only modest effects on its spectroscopic
properties, as long as the Te atoms are sufficiently apart
from each other. To investigate this possibility, we
considered a set of CdSe nanocrystals containing four
spatially separated Te impurities, such that the smallest
distance between any two Te atoms is larger than the
cubic lattice constant. The positions of the Te impu-
rities were kept fixed while the nanocrystal size was
increased. The properties of such nanocrystals were
then comparedwith those of nanocrystals containing a
four-atom Te cluster at the center (NTe = 4), and of
nanocrystals containing a single Te atom at the center
(NTe = 1). We found that the exciton Stokes shift of the
nanocrystal with four spatially separated Te impurities
falls in between those of the NTe = 4 nanocrystal and
theNTe = 1 nanocrystal (Figure 5a), and that the exciton
lifetime for four separated Te impurities almost coin-
cides with that of the NTe = 1 nanocrystal (Figure 5b).
These results suggest that, in the case of a single
exciton, the nanocrystals with multiple, spatially sepa-
rated Te impurities behave essentially in the same way
as the nanocrystals with a single Te impurity.

In the case of the biexciton binding energy ΔXX,
however, we found that the value for four separated Te
impurities is significantly smaller in magnitude than
that for a single Te impurity, and that this discrepancy
becomes larger as the nanocrystal size decreases, as

Figure 4. The calculated hole�hole (Jhh), electron�electron (Jee), and electron�hole (Jeh) Coulomb integrals for the band-
edge states of Te-doped CdSe nanocrystals (NTe = 1, 4, 13) are shown as a function of the nanocrystal diameter D.
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shown in Figure 5c. In fact, we find that the biexciton
binding energy depends sensitively on the spatial
location of the Te impurities. On the one hand, hole�
hole Coulomb repulsion is expected to dissociate the
biexciton into two excitons localized around two dif-
ferent Te impurities, and thus to reduce themagnitude
of the (negative) biexciton binding energy. On the
other hand, the quasi-particle energy splitting be-
tween hole states localized on separate Te impurities
has the opposite effect of favoring localization of
the biexciton around the Te impurity with the highest
hole energy, thereby increasing the magnitude of the

biexciton binding energy. The net effect will depend
on the number and location of the Te impurities within
the nanocrystal. For example, in the specific case of a
2.8 nm nanocrystal with four spatially separated Te
impurities, we find that, in the single-configuration
approximation, the ground-state biexciton configura-
tion consists of two holes/excitons residing on the
same Te atom (the one closest to the nanocrystal
center), and the lowest-energy configuration with
two holes/excitons located on different Te atoms
is approximately 35 meV higher in energy. In the
full CI calculation the ground-state biexciton exhibits

Figure 5. Comparison of the optical properties of Te-doped CdSe nanocrystals for different configurations of the Te
substitutional impurities: Four spatially separated Te atoms (4Te-sep, see text for a more detailed description), a cluster of
four Te atoms at the center of the nanocrystal (4Te-con), and a single Te atom at the center of the nanocrystal (1Te-center): (a)
exciton Stokes shift; (b) radiative lifetime at 300 K; (c) biexciton binding energy.

Figure 6. (Upper panels) Optical properties of a 2.8 nm CdSe nanocrystal doped with a single Te substitutional impurity, as
the function of its distance (d) from the nanocrystal center: (a) exciton Stokes shift; (b) radiative lifetime at 300 K; (c) biexciton
binding energy. (Middle panels) (d,e,f) The calculated hole�hole (Jhh), electron�electron (Jee), and electron�hole (Jeh)
Coulomb integrals for the band-edge states of such nanocrystals are shown as a function of d. (Lower panels) (h) The energy
level of the (Te-derived) valence-band maximum of such nanocrystals is shown as a function of d. The energy of the CdSe-
derived host state is shown for comparison (green horizontal dashed line). The integral of the wave function amplitude over
the Te impurity region (Pcore) is marked next to the individual data points. For all the subplots, the position corresponding to
the nanocrystal surface (Surf.) is marked by a vertical dash line.
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substantial mixing between those two configurations.
This mixing is found to be enhanced by increased
quantum confinement with decreasing nanocrystal
size. Interestingly, such mixing of spatially separated
excitons to form biexciton states has been reported in
the CdSe nanocrystals, where the mixed phase biexci-
ton, consisting of a nanocrystal exciton and a surface-
trapped exciton, was found to exhibit the lower mag-
nitude of the biexciton binding energy.36�38

To further illustrate the effect of the location of an
isolated Te impurity on the optical properties of iso-
electronically doped CdSe nanocrystals, the upper
panels of Figure 6 show the exciton Stokes shift,
radiative lifetime, and biexciton binding energy of a
2.8 nm CdSe nanocrystal with NTe = 1, as a function of
the distance d of the Te impurity from the center of the
nanocrystal. As one can see, the exciton Stokes shift
(Figure 6a) and exciton lifetime (Figure 6b) depend
weakly on the location of the impurity across the
nanocrystal. However, the (negative) biexciton binding
energy (Figure 6c) decreases in magnitude from
75 meV for d = 0 nm to 25 meV for d = 0.9 nm. This
substantial change of the biexciton binding energy
originates from the sensitive dependence of the hole
wave function localization on the location of the Te
impurity. Figure 6h shows the corresponding energy
level and integral of the wave function amplitude over
the Te impurity region (Pcore). A Te impurity near the
nanocrystal surface leads to a shallower hole energy
level (approaching the energy level of the CdSe host),
and thus to a more delocalized hole wave function
(smaller magnitude of Pcore). While this has negligible
effects on the Coulomb interaction between two

electrons or between an electron and a hole, it results
in significantly reduced Coulomb interaction between
holes when the Te impurity approaches the nanocrys-
tal surface (Figure 6d�f), thus reducing the magnitude
of the (negative) biexciton binding energy (Figure 6c).
For smaller nanocrystals containing spatially separated
Te impurities, the Te impurities are located closer to
the nanocrystal surface. This partially explains why in
Figure 5c the magnitude of biexciton binding energy
for four separated Te impurities decreases with de-
creasing diameters, and deviates remarkably from that
of a single Te impurity at the center.

CONCLUSIONS

In summary, we have reported atomistic calculations
of the electronic and optical properties of isoelectro-
nically doped CdSe:Te nanocrystals. The calculations
were performed using the empirical pseudopotential
method to describe single-particle excitations, and the
configuration�interaction approach to describemulti-
particle excitations. The calculations reveal the changes in
the localization of the electron and hole wave functions
as the size of the CdTe core decreases from a few nm
(typical of core/shell nanocrystals) to the single-impurity
limit. The localization of the wave functions in turn
determines the spectroscopic properties of such
nanocrystals, and their dependence on the nanocrystal
size. Our results clarify why the size dependence of
the exciton Stokes shift, radiative lifetime, and the
biexciton binding energy is different in isoelectroni-
cally doped CdSe:Te nanocrystals compared to core/
shell CdTe/CdSe nanocrystals, as recently observed
experimentally.

METHODS
The calculations of the electron and hole quasi-particle states

were performed using the semiempirical pseudopotential
method (SEPM), described in detail in refs 27 and 28. In this
approach, the quasi-particle energies ɛi and wave functions
ψi are obtained by solving the semiempirical single-particle
Schrodinger equation:

�p2

2m
r2 þ Vloc(r)þ V̂

SO

" #
ψi(r) ¼ εiψi(r) (2)

where V̂SO is the nonlocal spin�orbit operator, and Vloc(r) is the
local potential, which is given by the superposition of screened
atomic pseudopotentials centered at the atomic positions {Rn}:
Vloc(r) = Σnvn(|r� Rn|). The Cd, Se, and Te atomic pseudopoten-
tials are fitted to accurately reproduce the transition energies,
effective masses, spin�orbit couplings, and deformation po-
tentials of bulk CdSe and CdTe, as well as interface band offsets
and alloy bowing parameters for the combined CdSe/CdTe
system, as determined by ab initio calculations.39 The nano-
crystal surface is passivated using ligand-like pseudopotentials
designed to remove surface states from the band gap.27

Equation 1 is solved by expanding the wave functions in a
plane-wave basis set with an energy cutoff of 6.88 Ryd. The
band-edge states are calculated using the folded-spectrum
method described in ref 40, which has a computational cost

that scales only linearly with the size of the system. Because
CdSe and CdTe have different bulk lattice constants (6.05 Å and
6.48 Å, respectively), CdTe/CdSe nanostructures are subject to a
nonhomogeneous strain field, which is described here using the
valence force field (VFF) method of Keating.41,42 The minimiza-
tion of the strain energy according to the VFF model yields the
equilibrium positions {Rn} of the atoms in the nanostructure,
which are then used to determine the local potential of eq 1.
Carrier�carrier interactionsare includedusing theconfiguration�

interaction (CI) method described in refs 28, 43, and 44. In this
approach, the excited states are expanded in terms of Slater
determinants obtained by promoting one electron (in the
case of the single exciton) or two electrons (in the case of
the biexciton) from the valence bands to the conduction
bands. Coupling between Slater determinants is introduced
by screened Coulomb and exchange interactions between
carriers. To evaluate the Coulomb and exchange integrals, we
use a phenomenological screening function that is position-
dependent and size-dependent:45

E�1(r1, r2) ¼ E�1
out (r1, r2)þ [E�1

in (r1, r2) � E�1
out (r1, r2)] m(r1) m(r2)

(3)

Here ɛin represents the dielectric function inside the nanocrys-
tal, which is evaluated using the parameters of bulk CdSe
following the Thomas�Fermi model proposed by Resta,28,46

and ɛout is the dielectric constant of the surrounding medium
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(ɛout = 1 for vacuum is used here). Note that the dielectric
constant of vacuum is used only to evaluate the Coulomb and
exchange integrals, whereas for the radiative lifetime calcula-
tions, to directly compare with experimental data, we use the
refractive index nout = 1.44 (ɛout = 2.07), corresponding to the
octadecene solvent used in experiments.25 The mask function
m(r) is 1 for |r � r0| e R � d (where r0 is the center of the
nanocrystal, R is its radius, and the transition layer 2d equals the
CdSe bulk bond length), decays smoothly to zero as [sin(π(R �
|r � r0|)/2d) þ 1]/2 between R � d and R þ d, and vanishes for
|r � r0| g R þ d.
The CI basis set is constructed from an active space consisting

of 50 valence and 20 conduction states for the single exciton
(corresponding to 4000 configurations), and 30 valence and 10
conduction states for the biexciton (corresponding to 336 300
configurations). The CI Hamiltonian ĤCI

28 is diagonalized in this
basis set to yield the excited-state energies and wave functions
of the nanostructure:

ĤCIΨ
(R) ¼ E(R)Ψ(R) (4)

Wealso performed self-consistent Hartree-like calculations43 for
the exciton and biexciton ground-state energies in some CdSe,
Te-doped CdSe, and CdTe/CdSe core�shell nanocrystals, as
shown in Table 1. We found that for all the cases considered
here, the exciton and biexciton ground-state energies obtained
from the self-consistent calculation are higher than those
obtained from the CI calculation, suggesting that correlation
effects, which are neglected in the Hartree-like calculation, are
at least as important as the self-consistent effects, which are
fully included in the Hartree-like calculation but only partially
accounted for in the CI expansion.31 In the present work, we
therefore use the CI approach described above to calculate
excitonic and multiexcitonic states.
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