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I
deal type-II semiconductor heterostruc-
tures comprise two components with a
staggered band offset. Spatial separation

of the electron andholewave functionswithin
such type-II semiconductorheterostructures1,2

can result in a long-lived charge transfer (CT)
state that has desirable characteristics for
applications such as light emitters, lasers,
photocatalysts, and photovoltaic devices.3�8

The long-lived charge separation state can
be either obtained by direct excitation of the
CT state or by photoexcitation of an exciton
followedby charge carrier transfer across the
interface. Investigating formation and relaxa-
tion of the CT state provides information
about the pathways and efficiencies in-
volved. In this context, we have used femto-
second transient absorption (TA) spectros-
copy to elucidate ultrafast charge carrier
relaxation in each component of hetero-
structured nanocrystals (NCs) made of a
3.4 nm CdTe core and a CdSe shell that has
variable thickness.
A number of studies of electron transfer

(ET) across the interface in type-II hetero-
structures and relaxation to surface defect
states have been published over the past
few years.9�23 In a previous study,13 we
demonstrated that ET across the interface
of CdTe/CdSe NCs becomes observable and
measurable as the CdSe shell approaches
the type-II regime, which we experimentally
determined to be at 0.4 nm (or one mono-
layer shell) for a 3.4 nm CdTe core. The
dynamics for core, shell, and CT states after
excitation in resonance with the core state
were analyzed using fits to exponential de-
cay functions. Similarly, electron and hole
relaxation in molecule�quantum dot (QD)
systems has also attracted a great deal of
interest because a molecule�QD conjugate
serves as a model system to study charge
injection and recombination in light-harvest-
ing systems.24,25 ET from QDs to conju-
gated molecules, as well as hole transfer,

has been recently observed inmolecule�QD
conjugates.26�29

So far, most studies of carrier dynamics in
core/shell systems have focused on the ex-
cited state population of electrons.9�23,30,31

However, relaxation of the hole also plays a
significant role in the overall charge redis-
tribution after photoexcitation. Here, we
compare for the first time electron versus

hole kinetics in CdTe/CdSeNCs by selectively
pumping the different electronic transitions,
as shown in Figure 1. Since the formed
excitons are quite sensitive to nanometer
confinement;it produces large shifts in
the absorption spectra;the electronic ab-
sorption of type-II NCs tends to be broad and
becomes unresolved because of the combi-
nation of the size dispersions of the two
materials in the ensemble.
This study specifically targets a series of

thin-shell spherical CdTe/CdSe NCs (CdTe/
CdSe 1�7; the numbering refers to the in-
creasing shell coverage) that transitions from
a type-I to a quasi-type-II regime and con-
tinues into the onset of the type-II regime, as
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ABSTRACT Using femtosecond transient absorption and time-resolved photoluminescence

spectroscopy, we studied the electron versus hole dynamics in photoexcited quasi-type-II

heterostructured nanocrystals with fixed CdTe core radii and varying CdSe shell coverage. By

choosing the pump wavelength in resonance with the core or the shell states, respectively, we were

able to measure the excited electron and hole dynamics selectively. Both, the core- and the shell-

excited CdTe/CdSe nanocrystals showed the same spectral emission and photoluminescence

lifetimes, indicating that ultrafast electron and hole transfer across the core/shell interface resulted

in the identical long-lived charge transfer state. Both charge carriers have subpicosecond transfer

rates through the interface, but the subsequent relaxation rates of the hole (τdec ∼ 800 ps) and

electron (τavg ∼ 8 ps) are extremely different. On the basis of the presented transient absorption

measurements and fitting of the steady-state spectra, we find that the electron transfer occurs in the

Marcus inverted region and mixing between the CdTe exciton and charge transfer states takes place

and therefore needs to be considered in the analysis.

KEYWORDS: type-II heterostructure . core/shell quantum dots . charge transfer .
electron/hole relaxation . femtosecond transient absorption . Marcus theory
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shown Figure 1a.17 In the case of bare CdTe core NCs,
electron and holewave functions have centered spatial
distributions, typical for the type-I regime. Upon de-
position of CdSe on the core, the core/shell system
transitions to a quasi-type-II regime (CdTe/CdSe 1�5
NCs) where an electron is delocalized in core and shell.
Finally, for the thicker shell systems, CdTe/CdSe 6 and 7
NCs, we find spectroscopically the ET across the inter-
face and electron localization in the shell that is
indicative of the onset of the type-II regime. Theprepared
NCs provide an ideal experimental system for identifying
the relative positions of CdTe and CdSe states, which we
use to study both the electron and hole dynamics in
these core/shell nanoheterostructures. By tuning the
excitation resonant with either the CdTe or CdSe band-
edge states, we found that one can create excitons
selectively in the core or shell (Figure 1b), respectively.
The ET from XCdTe leads to the formation of XCT. On the
other band, the XCT state can also be obtained by a hole
transfer from XCdSe. Therefore, the two initial photoex-
cited states, XCdTe and XCdSe, which result from core or
shell excitation, respectively, relax eventually into the
same XCT state (lowest excited state), which was suffi-
ciently emissive to be studied in this work.
In this work, we describe the evolution of the optical

properties of CdTe/CdSe core/shell NCs from steady-
state UV�vis and photoluminescence (PL) spectrosco-
py. PL lifetimes of the resulting CT state were measured
after selectively pumping the core, shell, and high energy
states. On the basis of the framework of Marcus theory,
we demonstrate the first analysis of a spherical core/shell
system in the quasi-type-II regime. With femtosecond TA
measurements, we distinguish between electron and
hole relaxation. We conclude that both electrons and

holes have subpicosecond transfer rates through the
interface, followed by very different relaxation rates.

RESULTS AND DISCUSSION

Steady-state UV�vis and PL spectroscopies were
used to explore the electronic state evolution for a series
of CdTe/CdSe core/shell NCs with a common CdTe core
and increasing CdSe shell coverage. Figure 2a shows the
absorption (solid lines) and PL (dashed lines) spectra of
CdTe cores and 7 CdTe/CdSe core/shell NCswith increas-
ing shell coverage. As the core is subsequently coated
with a CdSe shell, the CdTe exciton band (XCdTe), marked
with asterisks, red shifts from 547 to 684 nm and the
corresponding PL shifts from 566 to 710 nm. While the
red shift may initially appear large, it has been shown by
first-principles calculations that the band gap of a core/
shell NC with fixed core size narrows upon increased
shell coverage due to decreasing confinement and
additional strain.32 In addition, previous experimental
work found evidence for strain across the CdSe/CdS
interface.33 The CdSe exciton states (XCdSe) are observed
on the blue side of the CdTe absorption (denoted with
diamonds). The exciton transitions (XCdTe and XCdSe) and
PL wavelengths (λPL) of the eight prepared NC samples
are tabulated in Table 1. In the TA measurements pre-
sented below, the core- and shell-excited spectra were
obtained using the excitation wavelength at XCdTe and
XCdSe, respectively, as listed in Table 1.
We studied the PL lifetime occurring on the nanose-

cond time scale with a streak camera. Figure 2b shows
the PL intensity decay of CdTe/CdSe 5 NCs at 658 nm
upon excitation at differentwavelengths.We chose three
wavelengths, 606, 573, and 470 nm, to excite the CdTe/
core, CdSe/shell, andhighenergy states, respectively, and

Figure 1. (a) Different localization regimes as a function of shell coverage. The bare CdTe corresponds to the type-I regime,
while the thin-shell coveragewith an electron delocalized over the entire NC belongs to the quasi-type-II regime. The onset of
the type-II regime starts as the electron and hole are separated in the shell and core, respectively. (b) Scheme showing three
band-edge states, CdTe, CdSe, and charge transfer state, represented by XCdTe, XCdSe, and XCT, respectively. Black bent arrows
indicate transitions between states. Other symbols include valence band (VB), conduction band (CB), electron transfer (green
dashed arrow), hole transfer (blue dashed arrow), and charge transfer emission (red arrow).
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monitored the PL lifetimes at a constant wavelength of
658 nm. Excitations at 606 and 573 nm create excitons in
CdTe (XCdTe) and CdSe (XCdSe) with configurations de-
picted in Figure 1b. The PL lifetimes, fit with a single
exponential decay function, are 29.4 ( 0.5, 30.2 ( 0.3,
and 29.7 ( 0.4 ns corresponding to core, shell, and high
energy excitations. This example shows that, indepen-
dent of the excitation wavelength, the excited CdTe/
CdSe NCs relax to a CT state (Figure 1b) and emit at λPL
with a PL lifetime of τPL (Table 1). The results indicate that
charge carrier relaxation involves transitions between
XCdTe/XCdSe and XCT states, as depicted in Figure 1b.34

We obtained PL lifetimes of the CdTe/CdSe 5, 6, and 7
core/shell NCs (Figure S1 and Table S1 in the Supporting
Information). They were 30, 32, and 35 ns, respectively.
The increase of PL lifetime with shell thickness is con-
sistent with our previous results,13 where we reported
better charge separation upon increasing shell coverage.
To map out the energetics of exciton and CT states,

we performed a steady-state spectral analysis based on
the framework of Marcus theory.35,36 Figure 3 shows a
deconvolution of the absorption and emission spectra

for CdTe/CdSe 7 NCs as an example. Mixed states CTA
and CTB with either dominant CdTe character and
minor CT contribution (CTA) or vice versa (CTB) were
found for both absorption and emission and are con-
sistent with the fact that we measure the NCs in the
quasi-type-II regime with a thin one-monolayer CdSe
coverage. In other words, the CT and CdTe exciton
states are strongly mixed for these core/shell nanohe-
terostructures. Free energy curves for CdTe/CdSe 7NCs
were obtained by fitting these spectra, as described in
detail earlier.36,37 Following the previous work by one
of the authors,37 we found that the free energy differ-
ence is ΔG0

ET ∼ 32 meV and the reorganization
energy is λCT ∼ 19 meV (detailed analysis is available
in Table S2). The two free energy curves are very close
and approximately degenerate. Therefore, we anticipate
a strong mixing between CdTe and CT states. The two
bands (CTA and CTB) we observe in Figure 3a have
mixed CdTe and CT character. The CTA band is domi-
nated by the CdTe character, while the CTB band has
mostly CT state behavior. The resulting adiabatic free
energy curves of CTA and CTB states are shown in the
inset of Figure 3c.
It is interesting to note that the description of state

mixing is in accord with the quasi-type-II model, in
which one of the charge carriers is delocalized over the
entire NC volume.17 Following this model, core excita-
tion would create excitons in the mixed CdTe�CT
states (simultaneously photoexciting the CdTe and
CT states) evidenced by the electron dynamics eluci-
dated by the TA measurements presented below.
Despite the small free energy difference of 32 meV
between the CdTe and CT states in the prepared quasi-
type-II CdTe/CdSe NCs, the very small reorganization
energy (∼19 meV) means that the photoinduced ET
reaction occurs in the Marcus inverted region. This
analysis shows that ET in both quasi-type-II and type-II

Figure 2. (a) UV�vis absorption (solid lines) and PL (dashed lines) spectra of CdTe/CdSe core/shell heterostructured NCs with
a CdTe core and increasing CdSe shell coverage. The numbering of the series refers to increasing shell coverage with
increments of∼0.06 nm starting from a 3.4 nm CdTe core to a 4.2 nm CdTe/CdSe 7 NC. The volume percentages of core and
shell in CdTe/CdSe 7 NCs are 53 and 47%, respectively. The CdTe core and CdSe shell transitions in the absorption spectra are
marked with asterisks (XCdTe) and diamonds (XCdSe), respectively. Absorption and PL spectra are shifted vertically for clarity.
(b) PL intensity decay curves of CdTe/CdSe 5 NCs excited by different wavelengths, 470 (blue), 573 (red), and 606 (green) nm.
The solid line shows a numerical fit of the PL decaymonitored at 658 nm using a single exponential function. The positions of
three excitation wavelength for CdTe/CdSe 5 NCs are denoted by arrows in panel (a).

TABLE 1. Summary of the Exciton Transitions and PL

Wavelengths of CdTe/CdSe Core/Shell Heterostructured

NCsa

sample XCdTe XCdSe λPL τPL
b

CdTe core 547 566
CdTe/CdSe 1 555 571
CdTe/CdSe 2 582 595
CdTe/CdSe 3 603 544 617
CdTe/CdSe 4 623 560 636
CdTe/CdSe 5 642 578 658 30
CdTe/CdSe 6 662 599 684 32
CdTe/CdSe 7 684 620 710 35

a All spectral wavelengths in nanometers. b PL lifetimes in nanoseconds.
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regimes belongs to reactions in the Marcus inverted
region due to inherently small reorganization energies
in semiconductor NCs.
Femtosecond TA spectroscopy was used to study

the charge carrier transfer in these CdTe/CdSe NCs.
Figure 4 shows the TA spectra and kinetics in 3000 and
200 ps time windows as monitored at the core state, as
well as the numerical fitting results of CdTe/CdSe 5
NCs. Panels a and b of Figure 4 are the TA spectra
measured with core (642 nm) and shell (585 nm)
excitation, respectively. The transient spectra recorded
for both core and shell excitation conditions are similar,
but the kinetics of the bleach decay are distinctly
different. We first compare the bleach decay of the
core population in a 3000 ps timewindow. For the core
excitation (Figure 4c), the bleach signal amplitude
remains almost constant between 200 and 3000 ps.
However, in the shell excitation case (Figure 4d), the
bleach clearly decays during this time window with a
980 ps time constant. The comparison for different
CdTe/CdSe NCs is shown in Figure S3 of the Supporting
Information.
The kinetics in a shorter time window of 200 ps

(Figure 4e,f) reveal that in each case different charge
carriers and pathways are involved in the relaxation of
the CdTe core. We find that this decay can be satisfac-
torily fitted with a biexponential function (red curve
in Figure 4e). A similar result was found for the
other CdTe/CdSe NCs which is tabulated in Table 2.
The TA spectra and kinetics of all CdTe/CdSe NCs are
available in the Supporting Information. In contrast,
the shell-excited bleaching signals (Figure 4f) keep
slowly decaying until 3000 ps, which is the limit of our
TAmeasurement. This extremely slowdecay could be fit

with a single exponential function with a time constant
of ∼980 ps (red curve in Figure 4d). The slow decays
were also observed in CdTe/CdSe 4, 6, and 7 NCs. An
average decay rate of∼800 ps in shell-excitedmeasure-
ments was obtained. We show fitting results for data
collected over both 200 and 3000 ps time windows in
Figure S4. All kinetics parameters are summarized in
Table 2.
In the shell-excited PL lifetime measurement

(Figure 2b), the excitation energy (573 nm) is enough
to reach the energy states above the CdTe band edge
(606 nm), yielding the formation of hot electrons in the
core. Given the comparable core and shell volume
percentages in CdTe/CdSe 7 NCs (as shown in Figure 2
caption), the probability of exciting shell versus core is
pretty similar in terms of the total volume of material
and comparable oscillator strengths for electronic
transitions. Thus, it is observed that the shell estab-
lishes an electronic band structure, similar to the band
structure thatwas observed in earlier investigated CdS/
HgS/CdS quantumwell quantum dots with one mono-
layer HgS.38�41

On the basis of the utilized laser excitation power,
each photoexcited NC contains at most one single
exciton. While in theory NCs could get excited in the
core or shell by shell excitation (i.e., the ensemble
would show both core and shell relaxation), we find
experimentally that two cases can be distinguished by
spectrally choosing excitation wavelengths for either
core or shell. We assign the two different relaxation
dynamics to electron or hole relaxation, according to
the spectral assignments and band-edge alignment.
In TA measurements, we monitored the same bleaching
at the core wavelength after different wavelength

Figure 3. Analysis of the (a) absorption and (b) emission spectra of CdTe/CdSe 7 NCs. The black lines show the experimental
line shapes, while the blue, red, and wine colored lines are the fitted curves. The CTA and CTB states were obtained alongwith
three bands (dotted lines) for the absorption spectrum; εmax

CdTe and εmax
CT obtained by deconvolution correspond to the

CdTe and CT emission, respectively. (c) Diabatic free energy curves are plotted versus bath polarization from analysis of CdTe/
CdSe 7 NCs. Various quantities are shown, ΔG0

CdTe and ΔG0
CT are the free energy differences between ground state and the

CdTe/CT state, εmax
CdTe and εmax

CT are the corresponding emission energies, ΔG0
ET and λCT are the driving force and

reorganization energy, respectively, for the ET reaction. The inset shows the adiabatic free energy curves that result from the
state mixing.
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excitation, resonant with the core or shell states, and
obtained the kinetic parameters for the core relaxa-
tion (Table 2). On the basis of the different decay
rates, we rule out the creation of an exciton in the core
upon shell excitation; otherwise, we would observe
the same time constants for shell excitation (τdec,1

and τdec,2 in Table 2) as we found for core excitation.
Instead, we obtained a much slower decay rate
(τdec ∼ 800 ps in Table 2) by shell excitation. This
indicates that the exciton was indeed created in the
CdSe state (XCdSe) via shell excitation. On the other
hand, core excitation simultaneously photoexcited

Figure 4. Transient absorption spectra and kineticsmonitored at the CdTe (core) state for CdTe/CdSe 5 by core (left) and shell
excitation (right). Transient absorption spectra recorded at different delay time after (a) core and (b) shell excitation. The
pump�probe delay times of the recorded spectra are shown in the corresponding legends. The arrows indicate pump
wavelength, 642 and 585 nm for core and shell excitation, respectively. (c,d) Kinetics at the CdTe (core) state in a 3000 ps time
window after excitation at core and shell states, respectively. (e,f) Kinetics at the CdTe (core) state in a 200 ps time window.
Red curves in (d) and (e) show numerical fits.

TABLE 2. Analysis of the Kinetic Parameters from Transient Absorption Spectroscopya

core excitation shell excitation

sample τdec,1
b τdec,2

b τavg
c τrise

d τdec
b

CdTe core 0.59 ( 0.04 (87%) 9.02 ( 0.85 (13%) 1.7
CdTe/CdSe 2 <0.3
CdTe/CdSe 3 0.61 ( 0.07 (68%) 11.4 ( 1.1 (32%) 4.1
CdTe/CdSe 4 1.55 ( 0.19 (58%) 17.0 ( 1.8 (42%) 8.0 ∼1.1 754( 260
CdTe/CdSe 5 0.17 ( 0.06 (64%) 7.36 ( 0.87 (36%) 2.8 ∼0.5 976( 156
CdTe/CdSe 6 1.35 ( 0.35 (53%) 29.1 ( 5.7 (47%) 14.4 ∼0.4 790( 127
CdTe/CdSe 7 0.40 ( 0.13 (51%) 24.9 ( 4.4 (49%) 12.4 ∼0.2 563( 101

a All the constants are expressed in picoseconds. bMeasured at λX,CdTe (see Figure 2a and Table 1).
c The average decay rates, τavg, are calculated using relative amplitude of

τdec,1 and τdec,2 shown in parentheses.
d The τrise at λX,CT (see Figure 5, 4th column) corresponds to initial bleach kinetics in the core after shell excitation, which we assigned to

hole transfer; τrise is also present after core excitation due to electron transfer, but in each case, rates are at instrument resolution (∼150 fs).
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the CdTe and CT states due to state mixing, which we
could confirm through the analysis summarized in
Figure 3.
In the prevailing theories for the TA signals of QDs,

the TA changes (mainly bleaching) at specific wave-
lengths are a measure for the occupation of the corre-
sponding photoexcited states.42 In semiconductor
QDs, the hole levels are more closely spaced than the
electron levels due to the larger valence band effec-
tive masses.43 At sufficiently high temperature, photo-
excited holes will be thermally distributed over a large
number of levels, resulting in smaller hole occupa-
tion numbers per energy level. Therefore, the occupa-
tion factor of the bleaching intensity is dominated by
the higher occupation of electron states.44 On the basis
of these arguments, we will discuss the electron and
hole dynamics observed in our TA measurements
separately.

Electron Dynamics. In the case of core-excited TA
measurements, the bleach signals at the core state
are dominated by electrons in the conduction band for
reasons laid out above. We attribute the fast bleach
decays (τdec,1 and τdec,2 in Table 2) to electron relaxa-
tion from the core conduction band to surface and
interface-related defect states. The results are consistent
with previously reported work.13,42 In Figure 5, we sum-
marize the kinetic traces of CdTe/CdSe 4 (black), 5 (red), 6
(blue), and 7 (green) NCs on a 6ps time scale. The kinetics
ofCdTe/CdSe1, 2, and3NCsarenot shownsince the shell
coverage is too thin to obtain the shell-excited signals.

Both columnson the leftwere obtainedby core excitation.
In the first column, core-excited kinetics at the XCdTe
state, a decreasing amplitude of the fast component
(τdec,1) from CdTe/CdSe 4 to 7 shows the surface passiva-
tion effect by growing the CdSe shell. Surface passiva-
tion blocks the electron relaxation intometal dangling-
bond-related defects. In CdTe/CdSe 4 and 5 NCs, we
observed decays at the CdTe and CT states since we
simultaneously populated states where the CdTe and
CT states are mixed. This is the first direct experimental
evidence of the state mixing (predicted by our ener-
getic analysis) in a semiconductor core/shell nanohe-
terostructure. With the same excitation wavelength,
we observed with increasing shell coverage (second
column in Figure 5) a fast decay dynamics followed by
the population of the CT state. The onset of type-II
behavior in CdTe/CdSe 6 and 7 NCs initiated ET across
the interface, resulting in the buildup of transient
signals at the CT transition wavelength.13 Population
of the CT state has a rise time on the subpicosecond
time scale, which is indicative of the expected ET across
the CdTe/CdSe interface. Both columns of the core-
excited kinetics in Figure 5 reveal the electron dy-
namics of CdTe/CdSe NCs.

Hole Dynamics. Selective excitation of the shell states
did not directly generate carriers in the core (Figure 1b).
However, we still observed formation of bleach signals
from the core. All samples exhibited subpicosecond
population buildup, with faster rise times (τrise) with
increasing shell coverage (Table 2). In CdTe/CdSe

Figure 5. Kineticsmeasured at λX,CdTe and λX,CT after core (left) and shell (right) excitation and shown in a 6 ps timewindow for
CdTe/CdSe 4�7 NCs. Numbers 4�7 refer to the corresponding core/shell systems from Table 1 and Figure 2. The kinetics of
the CT states were monitored 20�25 nm red-shifted from the corresponding CdTe transition; see Figure 3a.13
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quasi-type-II systems, it is unlikely that electrons transfer
from the shell to the core because CdSe has an inherently
lower conduction band energy. In contrast, the hole has
sufficient driving force (valence band offset between
CdTe and CdSe) to undergo charge transfer and form a
CT configuration. Therefore, selective photoexcitationof
the CdSe shell states leads to a bleaching signal that can
bemonitored at core CdTe states, and the rise kinetics in
the first 6 ps must be due to hole transfer from the shell
across the interface to the core. The hole population in
the valence band of the core (Figure 1b) results in the
observed bleach signals in the TA spectra. The rise of the
CT state populations can be clearly seen in the fourth
column of Figure 5. The faster rise times with increasing
shell coverage indicate the onset of type-II behavior.
After the hole transfer, the slow decay kinetics at the
core, for which we observed an average decay constant
of ∼800 ps (Figure 4d), are proposed to be the hole
relaxation from the core's valence band to interfacial or
intrinsic trapped states. Compared with electron dy-
namics, we found the hole has amuch slower relaxation
rate than the electron does. This is important for
photocatalytic andphotovoltaic systemswhere electron
and hole relaxation matter because both photoexcited
carriers contribute to the overall charge distribution.

The explanation follows classical thermodynamic
theory (Gibbs' free energy) and is consistent with our
PL lifetime studies. On the basis of the TA results, we
found that the hole transfer rate is slightly slower than
theET rate, althoughbothareon the subpicosecond time
scale. Interestingly, in contrast to the electron relaxation

(τavg) to surface states, the hole relaxation time constant
ismuch longer (τdec). This difference inbehavior between
electron and hole relaxation has been observed earlier.45

Here, by selectively choosing the pump wavelength
resonant with the core or the shell states, we are able
to obtain the electron and hole dynamics separately
using both TA and PL measurements.

CONCLUSIONS

In this study of CdTe/CdSe quasi-type-II heterostruc-
tures, we investigated electron and hole dynamics by
selectively choosing pump wavelengths in resonance
with core and shell states, respectively. The PL lifetime
measurements have shown that both core- and shell-
excitedNCs lead to long-lived CT states by electron and
hole transfer across the interface, respectively. With TA
spectroscopy, we find that the electron and hole
dynamics can be distinguished, both of which have
subpicosecond transfer rates yielding a CT state for
which we observed the buildup dynamics on the
subpicosecond time scale. The electron undergoes fast
relaxation (∼8 ps) to surface defect states in case of
core excitation, while the shell-excited hole undergoes
a slow decay process (∼800 ps) after transferring to the
core state. The difference may be related to the more
localized nature of the hole wave function. This study
provides a detailed analysis of photoinduced ET reac-
tions occurring in the Marcus inverted region for
spherical core/shell quantum dots. Electron and hole
kinetics were identified, and mixing between the CdTe
and CT states was experimentally demonstrated.

EXPERIMENTAL SECTION

Chemicals. Cadmium oxide (99%, Strem Chemicals), selenium
(99.5%,Aldrich), tellurium (99.997%,Aldrich), 1-octadecene (ODE,
90%, Aldrich), trioctylphosphine (TOP, 90%, Aldrich), 1-tetrade-
cylphosphonic acid (TDPA, 98%, Alfa Aesar), toluene (99.9%,
Fischer Scientific), and 2-propanol (99.9%, Fischer Scientific) were
used as purchased.

Synthesis of CdTe and CdTe/CdSe Nanocrystals. We followed a proce-
dure described in ref 13 to synthesize CdTe and CdTe/CdSe NCs. A
48 mg amount of CdO was dissolved in a mixture of 1-tetradecyl-
phosphonic acid (TDPA, ∼180 mg) and 1-octadecene (ODE,
∼22 mL) by first evacuating at 80 �C for 1 h. Then, the mixture
was refluxed at 285 �C under an Ar atmosphere until the mixture
became optically clear. The Te�TOP solution (50 mg in 2.5 mL of
TOP) was rapidly injected at 200 �C. TheNCswere allowed to grow
at 200 �C for 4 min, and the reaction was terminated by removing
the heating mantle. As the solution cooled to room temperature,
the CdTe NCs were washed by adding 2-propanol to precipitate.
The CdTe NCs were redispersed in toluene for shell coating.

For the core/shell synthesis, we prepared solutions A, B, and
C in advance. Solution A was prepared by adding 38 mg of CdO
and 141 mg of TDPA in 15 mL of ODE. Solution B was prepared
by adding 42 mg of Se in 2.5 mL of TOP. The CdTe NCs (∼8 mL)
obtained above and 38 mg of the TDPA mixture were added to
27mL of ODE to form solution C. Solution Awas first degassed at
80 �C for 1 h followed by refluxing at 285 �C under Ar atmo-
sphere for 40 min. Solution A was cooled to room temperature
under Ar atmosphere. At the same time, solution C was

degassed at 80 �C for 90 min, followed by adding 1.4 mL of
mixture A þ B. Then, solution C was heated to 230 �C for CdSe
shell coating. The injection rate of the Aþ Bmixture was kept at
∼0.15 mL/min to allow the CdSe shell to nucleate gradually on
the seed QDs. After every ∼1.3 mL injection, an aliquot was
taken out. We obtained a series of CdTe/CdSe heterostructure
NCs with CdTe as the core and varying CdSe shell coverage
labeled as CdTe/CdSe 1�7. All of the CdTe/CdSe NCs were
washed by adding 2-propanol to precipitate and redispersed in
toluene for further measurements. The core/shell synthesis did
not result in nucleation of separate CdSe NCs. Details are shown
in the Supporting Information.

Characterization. UV�vis absorption and PL spectra were
recorded using a Varian Cary 50 and Varian Eclipse fluorescence
spectrometer, respectively. Typical morphological characteriza-
tion of CdTe/CdSe NCs by transmission electronmicroscopy has
been shown in our previous work.13 Femtosecond TA measure-
ments were conducted using a Clark MXR 2001 fs laser system
producing 780 nm, 150 fs pulses from a regenerative amplifier.
The laser pulse train was split to generate a white light
continuum probe pulse in a sapphire crystal and a tunable
pump pulse. For TA and PL lifetime experiments, the tunable
pump pulse was generated using an optical parametric ampli-
fier (TOPAS, Lightconversion). PL dynamics weremeasuredwith
a time-resolved streak camera (Optronis) equipped with a
monochromator (DK240 0.25 m, Spectral Products). All femto-
second laser experiments were carried out in a 2 mm quartz
cuvette at room temperature. The instrumental time resolution
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was determined to∼150 fs via a pump�probe cross-correlation
analysis. The excitation power in both TA (∼150 μJ/cm2 per
pulse fluence) and PL lifetime (∼50 μJ/cm2 per pulse fluence)
measurements was considered carefully to ensure that the
average number of excitations is less than one.
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