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Wave function engineering has become a
powerful tool to tailor the optical properties of semi-
conductor colloidal nanocrystals. Core—shell systems allow
to design the spatial extent of the electron (e) and hole (h)
wave functions in the conduction- and valence bands,
respectively. However, tuning the overlap between the e-
and h-wave functions not only affects the oscillator strength
of the coupled e—h pairs (excitons) that are responsible for
the light emission, but also modifies the e—h exchange
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interaction, leading to an altered excitonic energy spectrum. Here, we present exciton lifetime measurements in a strong
magnetic field to determine the strength of the e—h exchange interaction, independently of the e—h overlap that is deduced
from lifetime measurements at room temperature. We use a set of CdTe/CdSe core/shell heteronanocrystals in which the
electron—hole separation is systematically varied. We are able to unravel the separate effects of e—h overlap and e—h
exchange on the exciton lifetimes, and we present a simple model that fully describes the recombination lifetimes of
heteronanostructures (HNCs) as a function of core volume, shell volume, temperature, and magnetic fields.
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uantum mechanical size-confinement of charge

carriers in colloidal semiconductor nanocrystals

(NCs) leads to optical properties that are
fundam@ntally different from those of the bulk semiconductor
material. In particular, the nanoscale localization of the
electron- (e-) and hole- (h-) wave functions leads to an
enhanced e—h exchange interaction (1) that lifts the spin
degeneracy of the exciton energy levels and produces fine
structure. The e—h exchange-induced energy splitting leads to a
characteristic temperature dependence of the radiative lifetime
of the electron—hole (exciton) recombination: at room
temperature (RT), the lifetime is short (~10 ns), because
emission originates from an optically active state (the bright
state). At low temperature (LT, T < 4 K), the emission decay
time is much longer (~1 us), because the lowest exciton level,
just below the bright state is optically passive (the so-called
dark state).'~* The energy separation Ay, between the bright
and dark exciton states scales with the exchange interaction as
Apg = 317  1/R%, where R is the NC radius.">° For CdSe NCs,
A4 ranges from ~20 meV for R ~ 1 nm to ~2 meV for R ~ 2.5
nm.” Alternatively, the e—h exchange energy can be controlled
by wave function engineering. Recently, it has been shown that
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the spatial extent of the wave functions of electrons- (y,) and
holes (y4,) can be separately tuned by using core—shell
heteronanostructures (HNCs). HNCs combine two semi-
conductor materials with different bandgap values and, most
importantly, different offsets for the conduction and valence
bands, which allows to vary the spatial overlap between y, and
¥4 In type-I NCs, both electrons and holes are confined to the
core, leading to a large e—h overlap (left panel Figure 1a). In
type-Il HNCs, the electrons and holes are spatially separated
(spatially indirect excitons), reducing the e—h overlap (right
panel Figure 1a). In the intermediate case, which is referred to
as type-1'/? or quasi-type-II (middle panel Figure 1a), one type
of carrier is confined to the core, whereas the other type is
delocalized over the core—shell or vice versa. Changing the
overlap of the electrons and holes strongly modifies the exciton
radiative lifetimes and its temperature dependence.®” '’
However, two competing effects can be distinguished. With
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Figure 1. Sample description and characterization. (a) Schematic
representation of the three band alignment regimes in CdTe/CdSe
core—shell heteronanostructures (HNCs). The bulk bandgap values
and the conduction and valence band-offsets of CdTe and CdSe are
indicated.'® Core-only structures display the regular type-I band-
alignment (left panel) with a large overlap of the electron (red solid
curve) and hole (blue solid curve) wave functions. In the type-1'/2
band-alignment configuration (middle panel), the hole wave
function is confined to the CdTe core, whereas the electron wave
function is delocalized over the core—shell, decreasing the e—h
overlap. In type-II structures, the electron and hole are spatially
separated (right panel). Dashed arrows indicate the optical
recombination pathways. (b) Normalized PL spectra of the core-
only (blue curve), HNC-A (orange curve), and HNC-B (green
curve) samples, obtained at 4.2 K with 2.6 eV excitation energy.
The PL peak energy progressively shifts to lower values with
increasing shell volume. (c) Room temperature (296 K) PL decay
curves (excitation energy 3.06 eV) on a semilogarithmic scale using
the color-code of (b). The PL decay becomes longer with
increasing shell volume.

decreasing e—h overlap, the oscillator strength of excitonic
recombination will decrease, leading to longer exciton lifetimes,
both at high and low temperatures. In contrast, a reduced e—h
overlap will result in a lower e—h exchange energy and
concomitantly a smaller Ap4. It has been proven that a reduced
Ayq leads to a shorter exciton lifetime at low temperatures and a
drastic change in its temperature clependence.12 It is, therefore,
of crucial importance to independently determine the e—h
overlap and the e—h exchange energy to understand the exciton
recombination rates of HNCs. In this paper, we demonstrate
that it is possible to obtain the e—h exchange interaction energy
by measuring the photoluminescence (PL) decay times in a
very strong applied magnetic field (B). We combine these
values with those of the e—h overlap determined from the RT
exciton lifetime to obtain a thorough understanding of the
exciton recombination rates.

For our studies, we use a set of four CdTe/CdSe HNCs,
where we systematically vary the CdSe shell volume to control
the extensions of i, and yj. The band-alignment of the CdTe/
CdSe interface'® is such that 4 is always localized within the
CdTe core, whereas y, shifts from the core (CdTe core without
shell) toward the CdSe region with increasing shell volume (see
Figure 1a).*'' This transition is monitored by detailed PL
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decay measurements as a function of magnetic field strength
and temperature. For the core-only CdTe sample, we find the
typical behavior for type-I NC. The lifetime shortens
dramatically with temperature, as described above. The low
temperature (dark exciton) PL decay time becomes much
smaller with increasing field strength, because of the field
induced mixing between dark and bright excitons.””"”~*" Since
the bright—dark mixing depends on the ratio between the
Zeeman and e—h exchange energies, 77 can be determined from
the field dependent lifetimes. The sample with the thickest
CdSe shell shows a completely different behavior, namely a
lifetime that is almost independent of temperature and
magnetic field, which is due to a vanishing exchange energy
for such a type-II nanostructure. Our results show that both the
e—h overlap and the e—h exchange energy progressively
decrease with increasing shell volume. These findings allow us
to disentangle the effects on the exciton lifetime of both e—h
overlap and exchange energy and to formulate a simple model
that quantitatively describes the exciton lifetime as a function of
core size, shell volume, temperature, and magnetic field
strength. This formula is applicable to HNCs of other material
systems as well.

RESULTS AND DISCUSSION

Sample Characterization and Optical Properties. A set
of high-quality colloidal CdTe/CdSe HNCs were synthesized
using the seeded growth methodology.”'' Nearly spherical
CdTe cores were prepared with radius R = 1.3 nm (10% size
dispersion) and volume (Vi) = 9.2 nm®. These cores were
overgrown with CdSe shells with anisotropic shapes and
variable thicknesses: sample HNC-A has total volume V¢ =
15 nm?® with Vg, = ~5.8 nm?, and sample HNC-B has total
Vine = 80 nm® with Vigg, = ~70.8 nm?>. These samples have
been extensively characterized by X-ray diffraction, high-
resolution transmission electron microscopy, and optical
spectroscopy.”'’ The CdTe core sample was found to exhibit
a zinc blende structure, whereas the HNC samples all have
shown only the wurtzite structure, even for HNCs with
relatively thin CdSe shells (such as HNC-A with 39% CdSe
volume fraction). No evidence for polytypism has been found.
A third HNC (HNC-C) with core radius R = 1.45 nm with
total volume Vipyc = 18 nm® and Vg, = ~5.2 nm® was also
investigated. The core (10% size dispersion) of HNC-C
exhibits identical optical properties to that of HNC-A and
HNC-B with equivalent PL emission energy and radiative
lifetimes. For the optical experiments, regular drop-casted
samples were prepared in which the HNC ensembles are
randomly oriented. Steady-state photoluminescence PL and
time-resolved photoluminescence (trPL) were performed as a
function of temperature and applied magnetic field (see
Methods section). We have confirmed that the measurements
on drop-casted samples are in good agreement with those in
cuvettes (frozen solutions), meaning that we can safely neglect
effects of energy transfer.

Figure 1 shows the low-temperature steady-state PL spectra
(b) and the room temperature PL decay transients (c) of the
core-only, HNC-A, and HNC-B samples. Figure S1 shows the
corresponding data for HNC-C. With increasing CdSe shell
volume, the PL spectral position shifts to lower energies,
relative to the green PL of the core (2.32 eV; 535 nm). The
largest spectral shift was observed for the thickest shell sample
(HNC-B) with its emission in the near-infrared region (1.65
eV; 750 nm), below the bulk band gap energy of CdSe (1.75
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eV) and close to the bulk bandgap of CdTe (1.6 eV). The room
temperature PL decay times become substantially longer with
increasing shell volume (Figure 1c). The extracted exciton
lifetimes monotonically increase from a value of 12 + 2 ns for
the core, to 228 + 10 ns for HNC-B. These spectroscopic
signatures evidence the transition from type-I core samples to
type-II HNCs with spatially indirect excitons, with a long RT
lifetime and a PL emission energy close to the CdTe bandgap
(Figure 1;1).8’10

Temperature Dependence of the Exciton Lifetimes.
Figure 2 shows the PL decay curves of samples HNC-A (a) and
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Figure 2. PL decay as a function of temperature. Normalized PL
decays of samples HNC-A (a) and HNC-B (b) at selected
temperatures on a semilogarithmic scale. The signal was measured
at the center of the PL spectra using 3.06 eV excitation energy. (c)
Temperature-dependence of the exciton lifetimes of the CdTe core
(blue circles), HNC-A (orange down-triangles) and HNC-B (green
diamonds) samples. Symbol sizes are larger than or comparable to
the experimental errors. Dashed-lines are fits to the data with A =
A4 by using eq 3. Solid-lines are best fits to the data with the same
model but varying A(# Ay,) (see text). (Inset) Three-level energy
scheme: Ig) is the ground-state, F = 1 and F = 2 are the lowest-
energy bright and dark levels with radiative recombination rates I',
and I';, respectively. Ay, is the energy separation between the two
exciton states.

HNC-B (b) at selected temperatures between 1.7 and 296 K.
Figure S2 shows the temperature dependence of the integrated
PL intensity of samples HNC-A and HNC-B, showing a
roughly constant intensity. The transients were recorded at the
maximum of the PL emission using pulsed laser excitation at
3.06 eV. HNC-A (Figure 2a) shows a PL decay time that
drastically decreases with temperature, qualitatively similar to
previous reports for CdSe and CdTe type-I QDs.””*" In
contrast, the PL decay curves of HNC-B are remarkably
independent of T. HNC-A manifests single-exponential decays
at elevated temperatures (T > 20 K), while in the low-
temperature regime, the trPL traces show a biexponential decay
with a fast and a slow channel. HNC-B shows biexponential
decay in the entire temperature range. A full discussion of the
origin of the multiexponential decay, and how it depends on
temperature, is beyond the scope of this work and has been
presented elsewhere.'® Here we focus our attention on the slow
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decay time, which reflects the radiative lifetime of long-lived
excitons emitted from the lowest-energy exciton state. The PL
decay times (7,,) are obtained by analyzing the end part of the
decay curves (last S—10% of the initial intensity at ¢ = 0) using
a single-exponential fit, which is a common procedure in the
determination of the exciton lifetimes in colloidal semi-
conductor nanocrystals.”*’

The T-dependence of the extracted lifetimes of the CdTe-
core (blue-circles), HNC-A (orange down-triangles), and
HNC-B (green-diamonds) samples is reported in Figure 2c.
Surprisingly, the CdTe core-only sample exhibits the regular
behavior for a type-I wurtzite nanocrystal, despite the fact that
it has a zinc blende crystal structure. However, this is consistent
with the results of previous temperature and magnetic field
dependent exciton PL decay time experiments on CdTe
nanocrystals.”””" We attribute this behavior to a nonspherical
shape of the zinc blende CdTe cores, resulting in a wurtzite-
type response. In the remainder of the paper, we will, therefore,
only consider a wurtzite-type exciton band structure charac-
terized by the bright—dark exciton level diagram schematically
depicted as inset in Figure 2c. In this model, the exciton states
are labeled by the projection of the angular momentum (F) on
the c-axis of a wurtzite NC. At high temperatures, when the
thermal energy (kzT) is larger than the energy separation Ay
between the dark and bright excitons, the PL emission
originates from the high-oscillator strength (bright) exciton
state (IFl = 1), yielding a short decay time. At low temperatures
(ksT < A), light emission arises from the low-oscillator strength
(dark) exciton state (IFl = 2), characterized by a very long
lifetime reaching an intriguing constant (plateau) value at
temperatures below 4.2 K.’ This typical T-dependence
gradually disappears with increasing CdSe shell volume and is
nearly absent for HNC-B, which proves that the response of
type-I HNCs is entirely different from that of type-I
nanocrystals. A similar temperature-behavior has been shown
for quasi-type-II core/shell CdSe/CdS HNCs."?

Magnetic Field Dependence of the PL Decay Times.
Figure 3 shows PL decay curves at selected B-fields for the core
only (a) and HNC-B (b) samples (see Figure S1 for data on
HNC-C). The samples display a remarkably different behavior:
the PL decay time of the core-only sample drastically decreases
with increasing field, whereas the PL transients of sample
HNC-B do not depend on field strength at all. The full field
dependencies of the extracted PL decay times of all four
samples are depicted in Figure 3c. The CdTe-core lifetime
shortens significantly with field to 450 + 50 ns, which is ~60%
of the zero-field lifetime (1.14 + 0.05 us). This behavior is
typical for type-I CdSe”'”'® and CdTe’”*' nanocrystals. The
PL decay times of samples HNC-A and HNC-C show only a
modest reduction with field (to ~30% of the zero field
lifetime). Most importantly, the PL lifetime of HNC-B is
constant (~570 ns) up to the highest field strength used (28
T).

Determination of the Electron—Hole Overlap. At room
temperature (T = 296 K), the PL decay times 7, increase with
Vegse from 12 + 2 ns for the core (Vgs, = 0 nm®) to 228 + 10
ns for HNC-B (Vigs. = 70.8 nm?) (Figures 1c and 2c). At such
high temperatures, the decay times are determined by the
lifetime of bright excitons, without contribution from the dark
exciton level. The significant increase of the RT PL lifetime
with increasing shell-thickness indicates that the oscillator-
strength of the bright exciton transition decreases. These
changes are caused by the (partial) spatial separation of y, and
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Figure 3. Magnetic field dependence of the PL decay times. Low- Yo x

temperature (1.7 K) PL decay curves of CdTe core-only (a) and
HNC-B (b) samples at applied magnetic fields of 0 (violet curves),
8 (red curves), 16 (orange curves), and 24 T (green curves). (c)
Magnetic-field evolution of the extracted LT PL lifetimes 7, for
core-only (blue circles), HNC-A (orange down-triangles), HNC-B
(green diamonds), and HNC-C (red squares) samples. Symbol
sizes are larger than or comparable to the experimental errors. The
blue solid curve is calculated with eq 1. (d) Magnetic field
dependence of the experimental PL lifetimes 7., normalized to the
core-lifetime 7, and the ratio y;, of the bright exciton lifetimes of
HNC and core-only samples. The symbols are the same as in (c),
with sizes that are larger than or comparable to the experimental
errors. The dashed-lines are best fits of the data to eq 2.

v, (see Figure 1a), resulting in a decreased e—h overlap integral
(squared) defined as ©,_y, = | [ y(r)y4,(r) dVI* over the HNC
volume. The radiative decay rate I'y (7, = 1/I,) of the optically
active excitons is directly proportional to ©,_,.”>** Therefore,
the ratio of the room temperature lifetimes of the core-only and
HNC samples, expressed by the dimensionless parameter y;, =
Thr/ToF can be used to quantify the overlap of , and y;, (see
Figure S3). The dielectric constant (¢) and the refractive index
(n* = €) contribution to 7, can be safely neglected, since for
CdTe and CdSe both parameters are very similar (ecgr. = 9
and ecyq, = 7.8).%

The experimental values of y, are shown in Figure 4a as a
function of the HNC CdSe shell-volume. By definition, y, = 1
for the core-only sample. It decreases with increasing Vi to
0.5 + 0.1 for HNC-A and 0.05 + 0.02 for HNC-B. The same
methodology has been used to estimate the e—h overlap for
quasi-type-II CdSe/CdS HNCs.'>** We notice here, however,
that for those CdSe/CdS quasi-type-II HNCs, y, does not
strictly follow a linear dependence with the PL emission energy
for all CdS-shell dimensions, as in the case of the truly type-II
CdTe/CdSe HNCs studied here (see Figure S3). For type-II
HNCs, changes in the spatial distribution of the electronic-wave
functions results in a continuous change in both the optical
transition energy and the RT radiative decay rate (see Figure
la,c and Figure S3) with increasing the HNC shell-volume.
These are clear spectroscopic signatures of the formation of
spatially indirect excitons.

At the lowest temperature (T = 1.7 K), the PL decay time is
dominated by the dark exciton lifetime, which is very long for
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Figure 4. Electron—hole overlap and exchange interaction. (a)
Values of 7, = Tor./T! extracted from the room temperature PL
lifetimes as a function of the HNC-shell volume for the CdTe-core
(blue circles), HNC-A (orange down-triangles), HNC-B (green
diamonds), and HNC-C (red squares) samples. The same symbols-
and color-codes are used in all panels. (b) Values of the normalized
exchange energy ¥ = #.,/7.o;. Obtained from the magnetic field
dependence of the low-temperature PL lifetimes, as a function of
the HNC-shell volume. (c) y versus 7, using the experimental values
of (a) and (b). Notice the nearly linear relationship between y and
7y The dashed lines in (a—c) are guides for the eye. (d) The
effective lifetime 7.y, as a function of y at 1.7 K and at 4 T. The
black line is calculated using eq 4.

the core-only sample (1.14 + 0.05 wus). However, with
increasing Vi, the lifetime decreases to 380 + 50 ns for
HNC-A to increase again to 570 + S0 ns for HNC-B. This
nonmonotonic dependence of the PL decay time on Vyyc
points to two competing effects. On one hand, the reduced e—h
overlap leads to a diminishing oscillator strength and thus
longer decay times. On the other hand, it leads to a decrease in
the exchange interaction, resulting in a lowering of the bright—
dark splitting. Regular type-I HNCs with small (large) Auq
shows faster (longer) LT PL lifetimes.”* Therefore, any
reduction in the exchange coupling leads to shorter decay
times. Without the separate determination of the effects of the
electron—hole overlap and the electron—hole exchange
interaction, it is very difficult to fully understand exciton
dynamics in semiconductor nanocrystals.

Determination of the Electron—Hole Exchange En-
ergy: g-Factor Approximation. Within the effective-mass-
approximation (EMA), radiative recombination of the dark
exciton is strictly forbidden® and size-independent. Only in the
presence of a strong magnetic field the dark exciton acquires
oscillator strength due to field-induced mixing between the
bright and dark excitons, which occurs for a wurtzite
nanocrystal whose c-axis makes an angle (#) with the direction
of the B-field. As a result, the PL decay time of quasi-spherical
type-I nanocrystals drastically reduces with increasing field
strength (core-only sample in Figure 3c), in agreement with
literature.'»'”'%?%*>  Quantitatively, the degree of exciton
mixing scales with { = E,/3#, the ratio of the Zeeman energy
E, = upg.B (i is the Bohr magneton and g, is the electron g-
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factor) and the bright—dark splitting (A4 = 37, with 7 the e—h
exchange energy), leading to a field-dependent exciton
lifetime:”

1 _\/1+CZ+2CCOSG—1—Ccos93
(B, 0) \/1 + %+ 2 cos O

4Tb (1)

The solid blue curve in Figure 3¢ is a fit to the core-only data
following the procedure described in ref 20. In this calculation,
we used the following parameters: e, = 1.14 us, the low
temperature lifetime at B = 0 to start with the proper value at
= 3 =
half the room temperature PL decay time. The factor (1/2)
accounts for the correct implementation of the room
temperature decay time in the model described later on. For
the electron g-factor, a value of Ig,| ~ 1.7 is used, which is equal
to the bulk CdTe electron g-factor and to the value calculated
for a CdSe QD with a size comparable to our CdTe core.”
Finally, 7 is used as the only fitting parameter. We obtain # =
5.0 +£ 0.5 meV and Ay = 15.0 + 1.5 meV, leading to acceptable
fits to the experimental data, especially at low and intermediate
fields. The reason why the calculated lifetimes at high fields
underestimate the experimental ones is not clear, but this does
not hamper the determination of the exchange energy based
upon the low field regime. The resulting values are in
approximate agreement with the zero-phonon line energies
obtained for CdTe QDs.”” The field-dependent dark exciton
lifetimes thus gives direct access to the value of the exchange
energy in colloidal dots. In the following, we will use this
dependence to determine the exchange energy of HNCs when
the lifetimes are also affected by the reduced e—h overlap.

In the limit of weak magnetic fields, the orientation-averaged

zero field”" 7, 6 ns; the bright exciton lifetime is

dark exciton decay rate I'y is proportional to %C 2/ 7, We can

use the field-dependent LT decay times of the core-only sample
(7“T.(B)) as a normalization to the lifetimes of the CdTe/CdSe
HNCs (7% (B)) by introducing a dimensionless parameter 7 =

TI&)Tre(B)/ TI;T (B) resulting in
LT RT 2 2

Toore _ Teore[8) _ &
o ()( ) b()()

LT
T

cs

y =
! @)
where ¢ = g./gcre corresponds to the normalized Zeeman
energy given by the ratio of the g-factors and y = 7.,/ o is the
normalized exchange energy. In Figure 3d, we show the
experimental values of the ratio y;,/y4 between 0 and 16 T for
all samples. At low fields, all samples exhibit a roughly constant
/74 value: HNC-A and -C up to 10 T, while HNC-B shows
only a rather modest increase with B-field. This result shows
that the field-independent normalization (eq 2) works very well
for these samples and even extends to zero field.

This is surprising in the framework of the effective mass
approximation, because, first, eq 2 is not valid at zero field
because in the dipole-approximation radiative recombination of
the dark exciton is strictly forbidden and the exciton lifetime
goes to infinity. Finite dark exciton lifetimes are, however,
experimentally reported for a number of different colloidal
nanocrystal systems (CdSe, CdTe, InAs, PbSe, and
ZnSe),' 7?7?77 and computed by semiempirical tight-
binding® and pseudopotential’® calculations. Such a meas-
urable dark recombination time highlights the limitation of the
EMA at zero magnetic field. Second, eq 2 is derived for type-I
nanocrystals, whereas here it is applied to type-IIl HNCs. Most
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strikingly, 7,/74 at low fields (indicated by the dashed lines in
Figure 3d) strongly varies with sample from 7,/y4 = 1 for the
core-only, to y,/yq = 0.18 + 0.02 and 0.26 + 0.03 for samples
HNC-A and HNC-C, respectively, and y,,/y4 = 0.027 + 0.002
for sample HNC-B. The orders of magnitude variation in y,/y4
= (y/g)* with increasing NC volume is mainly due to the
reduction in y, ie, the exchange energy of HNCs relative to
that of the core, because we can safely assume that the variation
in the g-factor among the samples is much smaller (see below).

Detailed experimental values for the g-factors of electrons,
holes, and excitons in colloidal QDs, as a function of size and
composition (shell structure), are not available, and in
particular, data for CdTe QDs is scarce.””*' To calculate the
g-factor in a HNC is rather complex, because it depends on the
size-confinement, internal/shape anisotropy,” and surface
contributions,®*** where the core/shell interface details
becomes important, as well as interfacial strain.>® However,
neglecting interfacial effects, the effective g-factor can be written
as (g) = (Geore) + (Gen)” ¢ as the sum of the weighted
volume contributions of each material to account for the
penetration of y, into the surrounding shell.

Considering that the ratio between the core (V) and the
total HNC (Vi) volume is described by the dimensionless
parameter x (x = V,../Vinc), the core/shell g.factors can be
written as {(ge;) = ZeoreX + ghen(1 — ). In the former expression,
x = 1 corresponds to the situation when the shell-volume is
negligible as compared to the core (Viyne & Vo), while x ~ 0
denotes a large shell-volume (Viyne & Vipen), since Vigne = Veore
+ Ve In this approach, we use the bulk g-factor of the core
material (I{ge )| & {geore)| = 1.67 (CdTe)) for the thin-shell
HNCs (HNC-A, HNC-C),”” whereas for sample HNC-B, we
take the bulk g-factor of the shell material (I{g. )| & I{gga)! =
0.68 (CdSe)). These values are consistent with the analysis of
the PL decay times at high magnetic fields (see below, Figure
S4 and Supporting Discussion). Furthermore, because we use a
dimensionless analysis, dividing all parameters of the HNC
samples by those of the core, the outcome of the model is not
very sensitive to small variations in the actual g-factor values. As
a result, this analysis directly allows us to obtain values for the
normalized exchange energy y = #.,/fcore (Figure 4b). y shows a
monotonic reduction with CdSe-shell volume from 0.43 + 0.14
(HNC-A) and 0.52 + 0.15 (HNC-C) to 0.07 + 0.08 for the
biggest CdSe-shell sample HNC-B. Inserting the fitted 7. =
5.0 + 0.5 meV for the CdTe-core, we obtain 77, = 2.1 + 0.8, 0.3
+ 0.3, and 2.6 + 0.8 meV for samples HNC-A, -B, and -C,
respectively. Measuring the magnetic dependence of the PL
decay times, therefore, provides an independent measure of the
exchange interaction in semiconductor nanocrystals.

The symbols in Figure 4c show the relationship between the
two independently determined parameters, the normalized
exchange energy y, and the e—h overlap represented here by y;,.
The electron—hole exchange coupling (X Yeyen =
Sy (r)Plys(r)* dV) is found to be linearly proportional to
the e—h overlap (I/y#(r)y4,(r) dVI). This linear trend is in
excellent agreement with recent effective-mass calculations for
quasi-type-II quasi-spherical CdSe/CdS HNCs'” and has been
previously used to explain the variable hole spin relaxation
times in nearly spherical type-Il CdTe/CdSe NCs.*® Our
results show that also in the case of nonspherical type-II CdTe/
CdSe HNCs y ~ 7.

Electron—Hole Exchange, Electron—Hole Overlap, and
Exciton Lifetimes. The starting point in the derivation of the
expression of the exciton decay rate I', including e—h overlap
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and exchange interaction of HNCs, is the dark—bright exciton
level scheme (Figure 2c):

o= =[5 + Tpe”@/RD][1 4 e @/AD)!

This model assumes thermal equilibrium between two exciton
levels separated by an energy A = A,y The decay rates are

I'$=-L and I'f = = for the dark and bright levels,
73 7

respectively. The low temperature (kz T < A) and high

temperature (kg T > A) limits of the model are given by,

respectively, ', ~I'§ and I, ~ %Ff)s. Combining this with the

definitions of y, = 75r, /78" and 74 = 755 (B)/75F (B), we find

that I, = 2/7¢ = 2 1/ Tigre and T = 74,(8/0)*/ Teore(B). Here

we have incorporated the magnetic-field dependence of the
1

75'(B)’

described above, we can neglect the influence of the g-factor on

the lifetime at zero fields: Iy ~ /x> Teae(B), yielding

low-temperature PL decay time via 'y = Finally, as

o=
TCS
iz 2y _ _ ~
= [# + T?e A/l 4 (/KT
X Tcore(B) core (3)

The observed exciton lifetime depends on a number of
parameters: (1) The lifetimes of the dark (z%.) and bright
exciton (z&.) levels, experimentally determined by measuring
the PL decay time of the core-only sample at, respectively, low
temperature and room temperature. (2) The energy splitting A,
which creates a characteristic temperature dependence. (3) The
e—h overlap (expressed by 7;,), which means that a reduced
overlap leads to a longer PL decay time. (4) The exchange
energy (expressed by y), leading to longer low-temperature
lifetimes with increasing exchange energy. (S) The magnetic
field induced bright—dark exciton mixing through 75, (B).

This bright—dark model is an example of a classical 3-level
model (inset of Figure 2c). The model takes into account only
one bright state, irrespective of the bright—dark splitting,
temperature, and electron—hole overlap. We neglect the
influence of any additional higher energy bright exciton level
(for instance, at high T or small Ayy), assuming that the
relaxation from the higher exciton levels to the lowest dark one
is sufficiently fast to equilibrate the levels. The biexponential
decays of samples HNC-A and HNC-B at elevated temper-
atures'” suggest that this approximation may not be completely
valid at these temperatures, resulting in deviations from the
behavior predicted by the model. Furthermore, we assume that
this exciton fine-structure works equally well for both direct and
indirect excitons (Type-I and type-II NCs). Finally, any effect
of phonon-assisted recombination is ignored. Essentially, this
expression is a modification of the formula given by Brovelli et
al."”” with two additional ingredients (exchange energy and
magnetic field dependent dark exciton recombination rate I'y)
to capture the main characteristics of the behavior of the PL
decay transient. As shown in the following, this allows a
quantitative description of the exciton lifetime as a function of
experimental parameters: temperature, magnetic field, core size,
and shell volume.

Dark Exciton Lifetimes. In the limit of low temperatures,
the PL lifetime (7)) is entirely determined by the dark exciton
level. To disentangle the effect of the e—h overlap from that of
the exchange interaction, we divide eq 3 by y, and define an
effective dark exciton lifetime as
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TCI;T'yb = TcI;};')( g (4)
to study the isolated effect of the exchange interaction (y).
Figure 4d shows 7=y, (4 T, 1.7 K) as a function of y for all
samples measured. The effective lifetime monotonously
increases with increasing y from 30 ns for HNC-B to 200,
300, and 1071 ns for samples HNC-C, HNC-A, and CdTe-
core, respectively. Indeed, it scales quadratically with y as
indicated by the solid line, in agreement with eq 4. In this case,
the exchange interaction energy is modified by reducing the
overlap between the electron and hole wave functions of the
dark exciton. Alternatively, the exchange interaction can be
varied by changing the diameter of spherical NCs (1 « 1/R?).
Indeed, regular type-I NCs”*>*° exhibit longer (shorter)
lifetimes at T < 4.2 K with decreasing (increasing) NC size
(see Figure SS and Supporting Discussion). Zero-field mixing
between bright and dark excitons levels have been proposed to
account for this size dependence, where the degree of mixing
would scale inversely proportional to the bright—dark energy
splitting,”*’ with the former being proportional to the exchange
energy Apq o 7. Our results demonstrate the universal effect of
the exchange energy on the (effective) dark exciton lifetime (eq
4), irrespective of whether # is varied by size or e—h overlap.

B-Dependence of the Dark Exciton Lifetimes. Figure Sa
summarizes the experimental data of Figure 3¢ by plotting the

(a)1200- 1 ' 1 v 13 (b)16 LI B NS
— 1000F CdTe/CdSe HNCs 1 i --nR
R PSS 4 Ll R~
2 B ;goe:C 9 ,\12- \ Onr R >
~ 800 K > A =3 g
w2 600k =17 \] UEJ sl ba~Mes S
. - (4 {1 = o
» [ ® o ] - \ Exchange Energy| %
> 400p 1 < 4L S CdTe Type-l  [<
200 ] VA ~ ~
ok 444422488 of N An.:ou|stic.l'5ﬁ|6f'|b:ﬁ ’

0 20 40 60 80
Magnetic Field (T) HNC Volume (nm?d)
Figure 5. Bright—dark splitting versus acoustic phonon energy:
determination of A in eq 3. (a) Magnetic-field dependence of the
LT effective exciton lifetimes (7.y;) for core-only (blue circles),
HNC-A (orange down-triangles), HNC-B (green diamonds), and
HNC-C (red squares) samples. Symbol sizes are larger than or
comparable to the experimental errors. The solid lines are the best
fits using eqs 1 and 3, when using 7. (B), the extracted normalized
exchange energies (1), and 7, = Tro/Te values (see text). (b) The
blue symbols represent the obtained A,y = 37 values which
determine the magnetic field dependent lifetimes of panel a. The
green symbols correspond to the energy values of A obtained by
fitting the T-dependence of the PL lifetimes (solid curves in Figure
2c¢) to eq 3. The blue dashed-line represents the theoretical volume-
dependence of Ayy R for type-I CdTe-QDs.”*>**” The green
dotted-line shows the volume-dependence of the lowest-energy
acoustic phonon mode (I = 2; A,, « R™') for isolated CdTe
spheres, computed from Lamb’s theory.””*"*

effective lifetime 7~ -y, for all samples (see Figure S6 for a
logscale plot). The solid blue line corresponds to eq 1 with 77 =

SmeV, g. =17, T L RT

core 2 core
solid blue line in Figure 3c). Inserting this field-dependent
750.(B), the experimental values of 7, and y, and g, = 1.7
(HNC-A, HNC-C) and g, = 0.7 (HNC-B) in eq 3 leads to the
solid lines in Figure 5. The agreement between calculated
values and the experimental data is very satisfactory, and the
main features of the data are well described. For the core-only

= 1.14 us, 7, = = 6 ns (see also
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sample, the lifetime decreases with 1/£ until it levels off at high
fields when the Zeeman energy is comparable to or larger than
the exchange energy. This typical magnetic field dependence
gradually disappears with decreasing exchange energy, until for
sample HNC-B (Viyc = 80 nm?®, Vigg, = ~70.8 nm® and y =
0.067) the effective lifetime is short and independent of field,
because already at low magnetic fields the Zeeman energy
exceeds the exchange energy. These results show that eq 3
describes the /proper behavior of the dark exciton lifetimes of
type-1, type-I'/%, or quasi-type-II and type-II NCs as a function
of magnetic field strength, confirming the consistency of our
approach.

T-Dependence of the Exciton Lifetime: Bright—Dark
Splitting versus Acoustic Phonon Energy. In our model
(eq 3), the T-dependence of the PL decay times is fully
determined by the energy splitting A in the Boltzmann
distribution. The model neglects phonon-assisted transitions,
the influence of higher lying exciton levels, and assumes that
this energy level structure works for both direct and indirect
excitons. Using a simple Boltzmann distribution assumes that
the relaxation from the higher exciton levels to the lowest dark
one is sufficiently fast to equilibrate the levels. In a first attempt
to describe the T-behavior of all samples (Figure 2c), we use A
= Ay the bright—dark splitting.” We assume the bright—dark
energy splitting to scale as Ay =~ 3.7 resulting in Ayq
energies shown by the blue symbols in Figure Sb. The blue
dashed line corresponds to the nominal R-dependence of Ayq
for a CdTe type-I NC.”*”* Inserting these Apg-values in eq 3
leads to the colored dashed lines in Figure 2c. Some aspects of
the data are properly described by the model, where y = y; is
assumed (see eq 3 and Figure 4c). By construction, both the
low T and high T limits of the data are in good agreement. The
value of the exciton lifetime at low T, in the saturation plateau
below 4 K, is determined by the competition between effects of
e—h overlap and exchange interaction. With increasing shell
volume, the exchange interaction reduces, leading to an initial
shortening of the lifetime (HNC-A). With further increasing
shell volume, the e—h overlap is reduced to such an extent that
the oscillator strength significantly drops, leading to an increase
of the lifetime (HNC-B). At high T, the calculated exciton
lifetime is only determined by the e—h overlap, leading to a
prolonged lifetime with increasing shell volume. The minor
drop in lifetime with T observed for the type-II system (HNC-
B) is well described by the model. In contrast, for the core-only
and HNC-A sample only qualitative agreement is obtained: the
model overestimates the temperature at which the lifetime
suddenly drops (end of plateau, 20 versus 4 K for core-only
sample, 10 versus 4 K for sample HNC-A). These observations
are in agreement with previous experiments on nearly spherical
type-I CdSe NCs” (see also Figure S7 for an extended
discussion). Furthermore, the slight increase of the lifetime of
sample HNC-A at elevated temperatures (above 100 K) cannot
be explained by the model and is possibly due to the effect of
higher lying exciton levels.

Better quantitative agreement for all samples is obtained by
using A as a fitting parameter (solid lines in Figure 2c),
resulting in A-values significantly smaller than Ap4 shown by
the green symbols in Figure Sb. These smaller energies are
comparable to the typical energies of acoustic phonon (AP)
modes,” as indicated by the green dotted-line in Figure Sb,
which shows the calculated lowest-energy breathing mode for
isolated CdTe spherical QDs. Its energy scales weakly with the
overall NC size as Ayp o« R™.*7** These results strongly
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suggest that acoustic phonons are involved in the exciton
recombination,” in agreement with single dot measure-
ments,w’g’g’43 a recent fluorescence line narrowing experiment
on CdSe/CdS dot-in-rod HNCs>” and T-dependent lifetime
measurements on ZnSe QDs.*’ Emission of acoustic phonons
elastically distort the NCs, resulting in an additional mixing
between bright and dark levels, leading to a reduction of the
dark exciton lifetime.*”*”***> The difference between A, and
Ay is particularly large for type-I and quasi-type-II or type-I'/>
structures, whereas for sample HNC-B, both energies are
comparable. In that case, both the A,p and A,y models show an
exciton lifetime that is relative insensitive to temperature
(dashed green line in Figure 2c), which is characteristic for a
type-II system.

CONCLUSION

We have presented a method to determine the electron—hole
exchange energy 1 of core—shell HNCs by measuring the PL
decay times in strong magnetic fields. The method relies on
normalizing the field-dependent lifetime of a core—shell
nanocrystal to that of the core-only sample and using an
analytic expression of the exciton lifetime in the effective-mass
approximation that includes 7 as a parameter. We have found
that the exchange energy of CdTe/CdSe HNCs with variable
shell thickness scales linearly with the electron—hole overlap,
determined independently within a RT lifetime experiment.
The ability to independently determine e—h overlap and e—h
exchange permits us to unravel their effects on the exciton
lifetime of HNCs. We find that the dark exciton lifetime scales
with #, whether # is varied by NC size (with ) or by e—h
overlap (with 7*). Both bright and dark exciton lifetimes are
inversely proportional to the e—h overlap. Our findings result in
a comprehensive model that explains the exciton PL decay time
as a function of all relevant experimental parameters, such as
core radius, core/shell volume, shell volume fraction, magnetic
field strength, and temperature. This description shows that,
unlike type-I NCs with a large e—h overlap, type-II structures
exhibit a weak exchange interaction, resulting in exciton
lifetimes that are remarkably constant with both temperature
and magnetic field strength. The full temperature dependence
of HNCs can, however, only be described when acoustic
phonon assisted emission is involved in the radiative emission.
The formula we propose is defined in general terms and can be
used for type-I, quasi-type-II or type-Il/ ? and type-Il semi-
conductor nanocrystals and is valid for different material
systems.

METHODS

Heteronanocrystal Synthesis. The high-quality colloidal CdTe/
CdSe HNCs were synthesized and described in detail by Chin et al.®
These samples were extensively investigated and characterized by X-
ray diffraction, high resolution electron microscopy, and optical
spectroscopy.”°

Temperature-Dependence of the PL Decay Times. PL decay
curves were obtained by using a picosecond diode pulse laser,
operating at 406 nm. The repetition rates (0.2—20 MHz) were
controlled by the laser driver internal clock or using an internal pulse
generator. Very low excitation fluences were used (0.5 nJ/cm?) in
order to avoid multiexciton formation, and to keep the ratio of stop to
start pulses below 0.04. The PL was filtered through a crossed
polarizer and a combination of suitable optical cutoff filters to
eliminate scattered laser light, dispersed by a 0.1 m monochromator
(1350 lines/mm grating, blazed at 500 nm) and detected by a fast
photomultiplier tube (PMT). The PL decay curves were obtained by a
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single-photon counter (time-correlated single photon counting), while
monitoring the PL peak wavelength. The samples were contained in a
sealed quartz cuvette (optical path: 3 mm) and mounted in a
continuous He-flow cryostat allowing for measurements down to 1.2
K. The experimental setup has been described before.>'

Optical Measurements in High-Magnetic Fields. Optical
experiments at low temperatures and high magnetic fields were
performed on a set of NC ensemble samples, using two spectroscopic
techniques: steady-state photoluminescence (PL) and time-resolved
PL (trPL). For the optical experiments, diluted HNCs solutions were
drop-casted on Si/SiO, substrates in which the HNC ensembles are
randomly oriented. The NC samples were mounted in a titanium
sample holder on top of a three-axis piezo-positioner. The sample
stage was placed in a homemade optical probe, made of carbon and
titanium to minimize possible displacements at high magnetic fields.
Laser light was focused on the sample by a singlet lens (10 mm focal
length). The same lens was used to collect the PL emission and direct
it to the detection setup (Backscattering geometry). The optical probe
was mounted inside a liquid helium bath cryostat (4.2 K) inserted in a
50 mm bore Florida-Bitter electro-magnet with a maximum field
strength of 31 T. All optical experiments were performed in Faraday
geometry (light excitation and detection parallel to the magnetic field
direction).

For trPL measurements, the excitation was provided by a
picosecond pulsed diode-laser operating at 406 nm. The same
repetition rate (125 kHz) was used for all samples and controlled by
the laser driver internal clock. Very low excitation fluences were used
in order to avoid multiexciton formation, and to keep the ratio of stop
to start pulses below 0.02. The very low repetition rates ensure that in
each laser-pulse less than one exciton is promoted in the NC at the
time. The PL decay signal of each individual sample was filtered by
long and short-pass filters, with a bandwidth of about +30 nm at the
center of the PL spectral postion. The PL signal was detected by an
avalanche photo diode connected to a single-photon counter (time-
correlated single photon counting). For static, spectrally resolved PL
measurements, the excitation source was the 476.5 nm line of an
argon-ion laser. The PL light was guided through a 300 mm long
single grating spectrometer (300 or 150 grooves/mm grating) and
detected by a liquid nitrogen cooled charge couple device (CCD).
Cut-off optical filters were used in excitation and detection, for both
PL and trPL experiments.

PL Decay Times Analysis. Biexponential or also multiexponential
behavior is typical for the PL decay curves of NCs ensembles. To
ensure consistent comparison between the different samples and the
various experiments, the raw PL decay curves were background
subtracted and fitted to a single-exponential function. The analysis was
performed at the end part of the decay curves, where the intensity
signal is less than 5—10% of the initial intensity at t = 0. The extracted
PL lifetime is assigned to exciton radiative recombination (see Figure
S3). This is a common procedure in the derivation of exciton (PL)
lifetimes in semiconductor NCs.”*°
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