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R
ecent advances in the synthesis of
colloidal semiconductor heterostruc-
tures consisting of two or more

material components have tremendously
enriched the toolbox of semiconductor
nanocrystals and produced new nanostruc-
tures with properties that cannot be
achieved in single-componentmaterials.1�8

The alignment of the conduction band (CB)
and valence band (VB) positions of the
components in the heterostructure can be
type I, in which the CB and VB of one
material are nested between those of the
other,3,4 type II, when they are staggered
with respect to each other,9,10 or quasi-type
II, when either the CB or VB band edge
positions are similar in these materials. The
band alignment in core/shell quantum dots
(QDs) has been shown to dictate the dis-
tribution of electrons and holes in excitonic
states, which has profound effects on their
properties. For example, in type I core/shell
QDs such as CdSe/ZnS, both the electron
and hole wave functions are localized in the
core in the lowest energy exciton state,

which reduces the effect of surface defects
and improves their emission properties.11�16

On the other hand, the spatial separation of
electrons and holes in type II heterostruc-
tures can lengthen the lifetime of single and
multiple exciton states and improve their
charge separation properties for light-
harvesting applications.10,17�19 In addition
tomaterial composition, theproperties of nano-
heterostructures can be further controlled
by shape and size, as demonstrated in
various one-dimensional (1D) colloidal nano-
rods (NRs).7,20�27 Compared with QDs, these
nanorods have larger absorption cross sec-
tions,28�30 enhanced stabilities,31,32 longer
multiexciton lifetimes,33�36 and linearly po-
larized emission20,24,37�40 while retaining a
size-tunable quantum confinement effect in
the radial direction,41,42 making them pro-
mising materials for light emitting,43,44 opti-
cal gain,34,45,46 or solar energy conversion
applications.47�54

Among one-dimensional heterostructures,
CdSe/CdS dot-in-rod (DIR) NRs have attracted
themost intense research interest.20,23,24,47,55�78
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ABSTRACT Colloidal one-dimensional semiconductor nanoheterostructures have emerged as an

important family of functional materials for solar energy conversion, although the nature of the long-

lived exciton state and their formation and dissociation dynamics remain poorly understood. In this paper

we study these dynamics in CdSe/CdS dot-in-rod (DIR) NRs, a representative of 1D heterostructures, and

DIR-electron-acceptor complexes by transient absorption spectroscopy. Because of a quasi-type II band

alignment of CdSe and CdS, it is often assumed that there exists one long-lived exciton state with holes

localized in the CdSe seed and electrons delocalized among CdSe and CdS. We show that excitation into

the CdS rod forms three distinct types of long-lived excitons that are spatially localized in the CdS rod, in and near the CdSe seed and in the CdS shell

surrounding the seed. The branching ratio of forming these exciton states is controlled by the competition between the band offset driven hole localization

to the CdSe seed and hole trapping to the CdS surface. Because of dielectric contrast induced strong electron�hole interaction in 1D materials, the

competing hole localization pathways lead to spatially separated long-lived excitons. Their distinct spatial locations affect their dissociation rates in the

presence of electron acceptors, which has important implications for the application of 1D heterostructures as light-harvesting materials.

KEYWORDS: nanoheterostructure . CdSe/CdS . dot-in-rod . exciton localization . hole trapping . exciton dissociation
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They have been shown to enhance the charge separa-
tion efficiency in solar-to-fuel conversion systems
compared to CdS nanorods or CdSe/CdS core/shell
QDs.47�49 The VB and CB offsets between bulk wurtzite
CdSe and CdS are ca.þ0.5 V and�0.3 to� 0 V, respec-
tively, forming either a type I or quasi-type II hetero-
junction.20,62 Despite recent investigations of this system
by various techniques, including scanning tunneling
spectroscopy,62 transient absorption spectroscopy,59,67

multiexciton emission,65 time-resolved fluorescence
decay,73,74 and first-principles calculations,63 the exact
nature of the long-lived exciton states in the CdSe/CdS
DIR structures remains a hotly debated topic. The band
alignment in these materials has been reported to be
type I,62 quasi-type II,59,74 or tunable from type I to
quasi-type II depending on the core size and rod
diameter,65,73,75 as well as interfacial strain.63 More
recently, it has been suggested that even in quasi-
type II DIRs the CB electron is likely localized near the
CdSe core,75,79,80 because of the strong electron�hole
Coulomb attraction in one-dimensional structures.81

Because the Bohr exciton radii of these materials
(∼5.4 nm in CdSe82,83 and ∼2.8 nm in CdS84�86) are
relatively small compared to the rod length (typically
10's to 100's of nm), the fate of the initially generated
electron�hole pairs depends on not only the band
alignment but also their transport mechanism along
the rod. The latter can be affected by deep hole traps
on CdS NRs87,88 and charge-transfer barrier at the
CdSe/CdS interface.66,89,90 Indeed, a recent study on
CdSe/CdS tetrapods has demonstrated that the hole
capturing efficiency by the CdSe core is not unity and
there exist deep hole localized excitons on the CdS
arms.69

In this paper, we report a study of exciton relaxation
and dissociation dynamics in CdSe/CdS DIRs by tran-
sient absorption (TA) spectroscopy. By comparing TA
spectra of DIR and DIR-electron-acceptor complexes,
we show unambiguously that the bleaches of exciton
bands in DIRs are caused by state-filling of the CB
electron levels, similar to those observed in CdX (X = Te,
Se, S) single-component or core/shell QDs. We show
that in the lowest energy band edge exciton state the
hole is confined in the CdSe core and the electron is
delocalized among CdSe and CdS, consistent with a
quasi-type II band alignment, although the electron
wave function in the CdS shell is localized to regions
near the CdSe core. Upon excitation of the CdS rod at
400 nm, three distinct long-lived exciton states are
observed; only 46% of excitons can relax to the lowest
energy band edge exciton state. Trapping of holes at
the CdS rod or the CdS shell near the seed localizes
excitons in those regions. Due to their distinct spatial
locations, these excitons have different dissociation
rates in the presence of electron acceptors. Our study
suggests that in 1D heterostructures, such as CdSe/CdS
DIR, the fate of the exciton is determined not only by

the band offset but also by exciton trapping and
localization processes that sensitively depend on the
microscopic electronic and morphological heteroge-
neity of the materials.

RESULTS AND DISCUSSIONS

Static Absorption and Emission Spectra. A representative
TEM image of CdSe/CdS DIRs used for this study is
shown in Figure 1a. The histograms of length (Figure
S1a) and diameter (Figure S1b) distributions show an
average length of 16.5 ((1.1) nm and diameter of 3.5
((0.3) nm, respectively. Some of the rods show a bulb-
like region with slightly large diameter near one end of
the rod (Figure S1c), similar to previous reports.23,66

The bulb region is believed to indicate the location of
the seed from which asymmetric growth along the rod
(vs the radial direction) occurs in the growth progress.66

Due to the presence of these bulb structures, the
diameter statistics is done at the centers of the DIRs.

The static absorption and emission spectra of DIRs
are displayed in Figure 1b. The lowest absorption peak
at ∼540 nm can be assigned to the first excitonic
transition, labeled as B3 in Scheme 1b, from the
valence band edge in the CdSe core to the lowest
energy conduction level of the DIR, because it is close
to the band edge emission peak position (Figure 1b). It
is below the onset of CdS absorption and red-shifted
by about 0.18 eVwith respect to the 1S exciton band of

Figure 1. (a) Representative transmission electron micro-
scopy image of CdSe/CdS DIRs. (b) UV�visible absorption
spectrum (black solid line), photoluminescence (PL) spec-
trum measured with 400 nm excitation (red dashed line),
and photoluminescence excitation (PLE) spectrum mea-
sured at 553 nm (green dashed line) of CdSe/CdS DIRs
dispersed in chloroform. In the PLE spectrum, we have
scaled the emission intensity to match the absorbance at
540 nm for better comparison. Inset: Enlargedviewof the PL
spectrum between 420 and 500 nm.
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the starting CdSe seed. The red-shift indicates the exten-
sion of the electron wave function into the CdS shell/rod,
which is indicative of a quasi-type II band alignment
between CdSe and CdS and will be further discussed
below. The peaks at∼400 and 450 nm can be attributed
to the 1Π and 1Σ (labeled as B1 in Scheme 1b) 1D
excitonic transitions, respectively, of the CdS rod in the
DIR,88 because of their resemblance to transitions in CdS
NRs.7,23,24,87,88,91 The contribution of CdSe core based
transitions in this spectral region is negligible due to the
much larger volumeof the CdS rod.59 In addition to these
pronounced features, there exists an absorption feature
near 480 nm (labeled as B2 in Scheme 1b), which can be
attributed to the lowest energy transition of the CdS in
the bulb region surrounding the CdSe seed.66 Because of
the larger diameter in the bulb compared to the rod
region, the carrier confinement energy is lower, which
accounts for the lower transition energy. A similar CdS-
based absorption band has been seen in CdSe/CdS core/
shell QDs of similar sizes.92�96 In Figure S2, we show that
the absorption spectrumbelow2.8 eV (440 nm) canbefit
by the sum of three Gaussian peaks with centers at 2.76
eV (449 nm), 2.58 eV (480 nm), and 2.30 eV (539 nm),
corresponding to B1, B2, and B3 transitions, respectively.
This assignment will be supported by transient absorp-
tion study of these DIRs to be discussed below.

The photoluminescence (PL) of DIRs after 400 nm
excitation has a peak at 553 nm, corresponding to the
emission from the band edge excitonic state (X3) of the
DIR.20 An expanded view of the PL spectrum from 420
to 500 nm (inset in Figure 1b) reveals a weak yet
discernible peak at ∼460 nm, which can be assigned
to band edge emission of CdS NRs.88 This suggests that
not all excitons generated with 400 nm excitation relax
down to the band edge exciton state prior to their
radiative recombination. In addition to the band edge
emission, CdS rod based emission can also contain a
broad trap state emission band between 500 and
900 nm,88 which may be too weak to be observed in
CdSe/CdS DIRs due to its overlap with the much more
intense X3 exciton emission band at 553 nm.

To further investigate the fate of excitons in DIR, we
have also measured photoluminescence excitation (PLE)
spectra, in which the PL intensity at 553 nm as a function
of the excitation wavelength was recorded (Figure 1b).
Accounting for the wavelength-dependent absorbance,
the relative emission quantum yields (QYs) at 400, 480,
and 540 nm excitations are estimated to be 0.46, 0.84,
and 1, respectively. The absolute QYs at 400 nm excita-
tion (using coumarin 343 as reference97) and at 540 nm
excitation (using rodamine 6G as reference98) were also
determined independently to be 22.5((1.2)% and
48.7((2.0)%, respectively. The ratio between the QYs at
these twowavelengths (0.46) agreeswell with the relative
QY estimated from the PLE spectrum. The smaller QY at
400 nm excitation suggests that 54% of the excitons
generated at the CdS rod do not reach the band edge
(X3) exciton state. This is consistent with the observation
of theCdS rodbasedemissionat 460nmdiscussedabove.

Nature of Lowest Energy Band Edge Exciton (X3) State. The
TA spectra of DIRs (from 0.1 ps to 50 ns) after 540 nm
excitation are shown in Figure 2a. The TA spectra
measured with 480 and 400 nm excitation will be
discussed later. The excitation pulse energies (and
the corresponding estimated numbers of excitons
per DIR) were 13 nJ (0.008), 7.5 nJ (0.007), and 5.0 nJ
(0.02) at 540, 480, and 400 nm, respectively. The details
for estimating the number of excitons are provided in
the Supporting Information. At these low excitation
conditions, contributions of multiexciton dynamics to
the observed TA signature can be neglected. There are
two main bleach features at 540 and 480 nm. Com-
pared with the static absorption spectrum in Figure 1b,
we can assign the feature at 540 nm to photoinduced
bleach of the B3 exciton band (or B3 bleach) and the
feature at 480 nm to the bleach of the B2 band. This
feature cannot be assigned to high-energy transition of
CdSe seed. This is supported by a comparison with the
TA spectrum of a bare CdSe core-only QD with similar
confinement energy (Figure S3 in the Supporting
Information), which shows derivative-like features in
this wavelength range (430�480 nm) due to the Stark
effect of 1S excitons on higher energy transitions.99

Scheme 1. (a) Schematic structure of a CdSe/CdS DIR pre-
pared by seeded growth, showing a CdSe seed surrounded
by a CdS rod and bulb-like region near the seed (blue
dashed line). Also shown are the locations of three types
of excitons (X1, X2, and X3). (b) Schematic energy level
diagram for CdSe/CdS DIR, showing bulk band edges of CdS
andCdSe (black solid lines), lowest electron andhole energy
levels in CdSe core, CdS bulb, and CdS rod (black dashed
lines), and sub-band-gap hole trap states in CdS (gray
dotted lines). Also shown are the electron and hole levels
of the X1, X2, and X3 excitons (green dashed curves) and the
three (B1, B2, B3) lowest energy optically allowed exciton
absorption bands in the static absorption spectra (red
arrows). (c) Schematic electron wave functions of X1, X2,
and X3 confined in the 1D Coulomb potential.
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Previous TA studies of group II�VI QDs19,92,99�101 or
nanorods36,49,88,102 have shown that the bleach in
exciton bands can be attributed to the state-filling of
the CB electron levels with negligible contribution of
VBhole-filling signals.99,103,104 The lack of VB hole state-
filling signal is generally attributed to higher density
and degeneracy of the hole levels in II�VI semi-
conductors.99,103,104 TA study of DIR�methyl viologen
(MV2þ) complexes, in which CB electrons are selectively
transferred to theMV2þ acceptor (Figure S4a and S4b in
the Supporting Information), shows that the exciton
bleach features in the DIR TA spectra are also caused
exclusively by state-filling of the CB electron level
associated with the transition, and they can be used to
follow the kinetics of CB electrons.19,36,88,92,100,101,105

The kinetics of B2 and B3 after 540 nmexcitation are
shown in Figure 2b, along with the band edge exciton
PL decay kinetics. It can be seen that these kinetics
agree well with each other and can be fitted by the
same two-exponential decay function (see Table S4 in
the Supporting Information). The agreement of the B2
and B3 kinetics indicates that these transitions involve
the same electron level, which suggests that the lowest
energy CB electron level in the DIR is delocalized
between the CdSe core and CdS bulb, as depicted in
Scheme 1b. The observed quasi-type II band alignment
is consistent with the electronic structure of CdSe/CdS
core/shell QDs of similar core and shell dimensions.92�96

The agreement of the TA and PL kinetics indicates that
the lowest energy VB hole in the CdSe core decays
mainly through recombination with the electron, which
is consistent with their spatial separation from the

nanocrystal surface. From the amplitude-weighted aver-
age lifetime of τav of 13.0 ( 0.16 ns (see Table S4) and
the average PL QY of 48.7((2.0)% under 540 nm excita-
tion, an average radiative recombination time constant
τr is estimated to be 26.7 ns using τr = τav/QY. This
radiative lifetime is comparable to CdSe/CdS core/shell
QDs, consistent with electron delocalization into CdS
and a quasi-type II bandalignment in thebulb region.106

In addition to B2 and B3, Figure 2a also shows a
small apparent bleach feature at∼455 nm, near the B1
transition of the CdS rod. In free QDs, B1 bleach kinetics
agree well with B2 and B3 bleach recovery. This
suggests two possible origins for the small B1 feature.
It may result from the state-filling-induced bleach of
the B1 transition, which would suggest that the lowest
energy CB electron level also extends into the CdS rod.
Alternatively, it may be a Stark effect signal generated
by the lowest energy exciton, which leads to deriva-
tive-like features of the B1 transition.

To differentiate these two possibilities, we have
also measured TA spectra in DIR�benzoquinone (BQ)
complexes (Figure 2C) at 540 nm excitation. BQ is
chosen because it is a well-known electronic acceptor
whose reduced form does not absorb in the visible
region.36,88,92,107,108 Furthermore, the electron-transfer
(ET) rate in DIR-BQ complexes is relatively slow, so that
we can accurately compare the bleach recovery ki-
netics of B1, B2, and B3 transitions. Similar comparison
is not possible in DIR-MV2þ complexes due to much
faster ET rates. As shown in Figure 2c, both B2 and B3
decay much faster in DIR�BQ complexes than in free
DIRs, consistent with the expected ET from DIR to BQ.

Figure 2. TA spectra and kinetics of DIRs (a, b) and DIR-BQ complexes (c, d). (a) TA spectra of DIRs from 0.1 ps to 50 ns after
540 nm excitation. (b) Kinetics of B1 (red circles), B2 (green triangles), and B3 (blue diamonds) bleaches shown in panel (a),
time-resolved PL decay (purple dotted line, measured at 532�650 nmwith 400 nm excitation), and multiple-exponential fits
(black solid lines). (c) TA spectra of DIR-BQ complexes from0.2 to 1000 ps after 540 nm excitation. (d) Kinetics of B1 (red dots),
B2 (green triangles), and B3 (blue diamonds) bleaches shown in panel (c) and multiexponential fits (black solid lines).
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Comparison of the normalized B2 and B3 kinetics
(Figure 2d) shows that they agree well with each other,
suggesting that these transitions involved the same
lowest energy electron levels, consistent with the
assignment above. These recovery kinetics can be
fitted with the same three-exponential decay function
with ahalf-life of 312( 40ps (Table S5 in the Supporting
Information). It is also clear fromFigure 2c and d that the
B1 feature decays much less than B2 and B3 in DIR�BQ
complexes. This suggests that this feature in the TA
spectra of free DIR (under 540 nm excitation) can be
attributed to the derivative-like feature in the B1 transi-
tion caused by the Stark effect of (or exciton�exciton
interaction with) the lowest energy exciton.99,104 In
DIR�BQ complexes, the decay of the lowest energy
electron forms a charge-separated state, which also
causes a Stark effect signal of the B1 transition, leading
tonegligibledecayof theB1 feature.19,36,49,88,92,109 Further-
more, the TA spectrum in Figure 2a can be well repre-
sented by the sum of Stark effect signals in B1, B2, and B3
and state-filling signals in B2andB3, as shown in Figure S5,
which further supports the proposed assignment.

Excitation Wavelength Dependent Exciton Relaxation Dynamics.
We first examine the exciton dynamics with excitation
pulses centered at 480 nm. As can be seen from the
spectral overlap between the pump pulse and the
absorption spectrum of DIRs shown in Figure S6 (in the
Supporting Information), this pump pulse selectively
excites the bulb-like CdS shell region (B2 transition) with
a minor contribution by the CdS rod (B1 transition). The
TA spectra within the first 2 ps after 480 nm excitation
(Figure 3a) show bleach features at B1 (∼455 nm), B2
(∼480 nm), and B3 (∼540 nm) transitions. The formation
and decay kinetics of these features and their multiple-
exponential fits are shown in Figure 3d. The details of the

fit are described in the Supporting Information, and the
fitting parameters are shown in Table S3. Both B2 and B3
bleach bands contain a nearly instantaneous formation
component and a smaller growth component with time
constants of 0.375 ( 0.060 and 0.403 ( 0.069 ps,
respectively. The instantaneous formation of the B3
bleach upon excitation of the B2 band confirms that
these transitions share the same CB electron level, con-
sistent with the findings of 540 nm excitation discussed
above. The B1 bleach shows an instrument response
limited (<0.01 ps) formation time and a fast decay co-
mponentwith a time constant of 0.391( 0.051 ps, which
agreeswellwith the formation timeof the secondgrowth
component of B2 and B3 bleach features. This suggests
that B1 bleach is formedby the direct excitation of the B1
transition and its decay leads to the formation of the
second growth component of the B2 and B3 bleach. This
exciton decay kinetics is further confirmed below with
400 nm excitation.

The evolution of TA spectra of DIRs within the first 2
ps after 400 nm excitation is shown in Figure 3c.
Although both the CdSe seed and CdS bulb region
have higher energy transitions at this excitation wave-
length, the absorption is dominated by the CdS rod
due to its much larger volume, leading to a selective
generation of excitons in the CdS rod. The TA spectra
show a partial decay of B1 bleach and the correspond-
ing growth of B2 and B3 features. The formation and
decay kinetics of these features within the first 5 ps are
compared in Figure 3d. They can be well fit by multi-
exponential functions according to equations S2, S3,
and S4, and the fitting parameters are listed in Table S3
in the Supporting Information. The B1 bleach shows a
formation time of 0.066 ( 0.015 ps, which can be
attributed to an electron relaxation process from the

Figure 3. TA spectra and kinetics of DIRs at early delay time (0�5 ps) after 480 and 400 nm excitation. TA spectra at indicated
delay times (a, c) and formation and decay kinetics of B1, B2, and B3 bleach (b and d) after 480 nm (a, b) and 400 nm (c, d)
excitation. The black solid lines in (b) and (d) are multiexponential fits according to a model described in the Supporting
Information, and fitting parameters are listed in Table S3 (in the Supporting Information).
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initially excited 1π to the 1σ CB level within the CdS
NR.88 The decay of B1 bleach contains a fast compo-
nent with 53% of its amplitude and a time constant of
0.422 ( 0.052 ps and a slow component on the
nanosecond and longer time scale (see below). B3
kinetics exhibits a single-exponential rise time con-
stant of 0.407 ( 0.041 ps. At early decay times, the
signal at the B2 spectral region consists of the bleach of
the B2 band as well as the red-shifted absorption of the
B1 band that has been attributed to the effect of hot
(1Π) exciton on the transition energy of the 1Σ exciton.
Taking both features into account, the fit reveals a B2
bleach formation time constant of 0.387 ( 0.057 ps.
The agreementbetween the timeconstants for B1bleach
decay andB2 andB3bleach formation suggests that 53%
of the initial excitation in the CdS rod decays to form the
B2 and B3 bleach features in the bulb and seed regions.

TA spectra and kinetics of DIRs at longer delay times
(5 ps to 1 μs) after 400 nm excitation are shown in
Figure 4. There are no apparent interchanges between
B1, B2, and B3 features, and their decay kinetics can be
well described by multiexponential functions with
fitting parameters listed in Table S4. B3 kinetics is the
same as thatmeasuredwith 540 nm excitation and can
be fit by the same parameters. This suggests that the
decay kinetics of excitons that are responsible for the
B3 bleach feature is independent of their generation
processes (via direct excitation or relaxation from high-
er energy exciton states). The half-lives are 22.5((1.7),
21.0((1.6), and 8.34 ((0.31) ns for B1, B2, and B3,
respectively. Compared to B3 bleach, considerably
longer lifetimes are observed for the B1 and B2 bleach
features. The different decay times observed for these
features suggest that the initial exciton generated on
the CdS rod can decay into three distinct long-lived
states in the DIR, and these states do not convert into
each other after the first picosecond.

Assignment of Three Long-Lived Exciton States. It is clear
from the TA study that the lowest energy exciton (X3)
generatedwith 540 nmexcitation involves a hole in the
CdSe core and an electron that is delocalized into the
CdS shell in the bulb region, which is shown in
Scheme 1a and b. As a result, the presence of this
exciton leads to the bleach of both B2 and B3 transi-
tions, as shown in Figure 2a. The B2 bleach amplitude
in the TA spectra is smaller than B3 bleach, whereas
they have comparable absorption cross sections in the
static absorption spectrum. This suggests that in the X3
exciton state, despite the quasi-type II band alignment,
the electron is not delocalized throughout the entire
bulb and is confined in the CdS shell that is close to the
CdSe core. It should be noted that similar core-localized
excitons have been observed in CdSe/CdS quasi-
type II core/shell QDs, in which the localization of holes
to the CdSe core leads to an increase of the bleach of
lowest energy transition even though the electron is
directly excited to the lowest energy CB level.92 This

phenomenon is attributed to a Coulomb-attraction-
induced electron localization process to be elaborated
below.

The PLE spectrum (Figure 1b) shows that excitation
at higher energy also leads to X3 exciton emission.
However, not all higher energy excitons relax to the X3
state, suggesting the presence of other exciton decay
pathways. Direct excitation of the bulb region (B2
transition) leads to the bleach of B2 and B3, as shown
in Figure 3a. Formation of B3 bleach is indicative of the
presence of X3 excitons. The TA spectra show a larger
relative amplitude of B2 than B3 bleach features
compared to the TA spectrum of X3 (Figure 2a), sug-
gesting that 480 nm excitation generates other species
in addition to the X3 exciton. To obtain the spectrum of
the yet-to-be-assigned exciton feature, we can subtract
the total spectrum by the contribution of X3. This
subtraction procedure avoids the need to model the
exact line shape of TA bleach associated with excitons,
which is often complicated due to exciton fine
structure110 and biexciton interaction induced spectral
shifting.99,104 In Figure 5a, we plotted the average TA
spectra at 5�10 ps after 400 nm (black solid line),
480 nm (purple dashed line), and 540 nm (blue dotted
line) excitation. They have been normalized at the B3
bleach peak. Because 540 nm excitation creates X3
excitons, we assign the difference spectrum between
the TA spectra of 480 and 540 nm excitation (green
triangles in Figure 5a) to X2 excitons. Similarly, the
difference spectrum between 400 and 480 nm excited
TA spectra (red circles in Figure 5a) is attributed to X1
excitons. We note that a small contribution of X1

Figure 4. TA spectra and kinetics of DIR at 5 ps to 1 μs after
400 nm excitation. (a) TA spectra of DIRs at indicated delay
time windows. (b) Kinetics of B1 (red circles), B2 (green
triangles), and B3 (blue diamonds) features shown in
Figure 2a, PL decay kinetics (purple dotted line) of DIRs
measured at 532�675 nm after 400 nm excitation, and
multiexponential fits (black solid lines).
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exciton to the TA spectrum of 480 nm excitation has
also been subtracted to yield the X2 exciton spectrum
shown in Figure 5a.

As shown in Figure 5a, the X2 exciton spectrum
shows a bleach of the B2 band with small derivative-
like features at B3 and B1 transitions. The latter can
result from subtraction errors and/or the Stark effect of
the X2 exciton on B1 and B2 transitions. In the sub-
traction procedure we have assumed all B3 bleach is
caused by X3 excitons. According to the PLE spectrum
(Figure 1b), the band edge emission QY at 480 nm
excitation is only 84% of that at 540 nm excitation,
suggesting that 84% and 16% of the excitons gener-
ated at 480 nm relax to X3 and X2 exciton states,
respectively. Therefore, it is reasonable to assume that
the majority of the B3 bleach amplitude in Figure 3a is
caused by the presence the X3 exciton, although we
cannot exclude a small contribution of the X2 exciton
to B3 bleach. Despite this uncertainty, it is reasonable
to conclude that the spatial distribution of the elec-
trons associated with the X2 exciton is different from
that of X3 exciton, such that the former does not lead to
or has much smaller contribution to the state-filling-
induced bleach in the B3 transition. In light of the
quasi-type II band alignment between CdSe/CdS, we
propose that one way to satisfy this requirement is to
have the electron strongly bound to a hole that is

localized on a surface trap state, as depicted in
Scheme 1a and b. Within this model, the initial excita-
tion at 480 nm generates delocalized electrons and
holes in the CdSe/CdS bulb region, which leads to
instantaneous formation of B2 and B3 bleach observed
in Figure 3a. The localization of holes to the CdSe core,
driven by a large valence band offset between CdSe
and CdS, forms the X3 exciton, in which the conduction
band electron is also localized near the CdSe core. In
competition with this process, holes can also be
trapped on the surface trap states of the CdS bulb,
which localizes the electrons near the trapped holes,
forming the X2 exciton.

Similarly, the X1 exciton spectrum is well repre-
sented by the bleach of the B1 transition, with minor
derivative-like features at B2 and B3 transitions. Initial
excitation at 400 nm generates delocalized electrons
and holes on the CdS rod. Because of the smaller
quantum confinement energy of both valence band
holes and conduction band electrons in the bulb
compared to the rod, these carriers can be transferred
into the bulb region, which can then form X3 and X2
excitons similar to the dynamics observed by direct
excitation at 480 nm. In competition with this process,
the valence band holes can also be trapped on the CdS
rod surface, which localizes the electrons and forms the
X1 exciton, as depicted in Scheme 1b. In the X1 exciton
state, the electrons are located in the conduction band
of the CdS rod, which accounts for the B1 bleach, but
they are bound to the trapped holes. The decay of the
X1 and X3 excitons can be directly monitored by B1
and B3 bleach recovery kinetics, which are shown in
Table S4. The X2 exciton decay kinetics can be ob-
tained by subtracting the contribution of the X3 ex-
citon to the B2 bleach, which is also listed in Table S4.
The long and uncorrelated lifetime of X1, X2, and X3
excitons and the lack of interconversion between these
species after the initial ultrafast hole localization pro-
cesses (Figure 4) suggest that X1 and X2 excitons are
strongly bound due to either large Coulomb binding
energy and/or deep hole trap energy.

It is worth noting that the TA spectra of DIR under
400 and 480 nm excitations show similar relative
amplitudes of B2 and B3 bleach features. This implies
that there is a constant partitioning factor between
holes localizing in the core and on the bulb surface,
regardless of whether they are initially generated via

direct excitation (in the case of 480 nm pump) or
transfer from the CdS rod (in the case of 400 nmpump).
This partitioning factor is determined by the relative
rates of hole trapping to the shell surface and hole
transfer to the core in the quasi-type II CdSe core/CdS
shell structure. From the initial decay (53%) of the B1
bleach at 400 nm excitation and the yield (46%) of hole
capture to CdSe core determined by PLE, the branch-
ing ratio of forming the long-lived X1, X2, and X3
exciton states at 400 nm excitation can be estimated

Figure 5. (a) Averaged TA spectra of DIRs from 5 to 10 ps
after 400 nm (black solid line), 480 nm (purple dashed line),
and 540 nm (blue dotted line) excitations. The spectrum
measured at 540 nm excitation is assigned to X3 excitons.
The difference spectrum between 480 and 540 nm excita-
tion (green triangles) is assigned to X2 excitons, and the
difference spectrum between 400 and 480 nm excitation
(red circles) is assigned to X1 excitons. (b) 1D electron�hole
Coulomb potential profile (black dashed line) and the
corresponding electron probability density of the 1D ex-
citon ground state (red solid line) as a function of electron�
hole distance along the DIR long axis (Z). See main text for
details.
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to be 47%, 7%, and 46%, respectively. This X2:X3
branching ratio (13:87) is consistent with the value
for 480 nm excitation (16:84) that we have estimated
above from the PLE spectrum.

The proposedmodel of X1 and X2 excitons requires
large binding energies and spatially localized electron
and hole wave functions, which can arise from the
dielectric confinement effect in 1D nanorods. Because
the motion of electrons and holes in the radial direc-
tion of NRs is much faster than that in the axial
direction, it is reasonable to average the electron�hole
Coulomb interaction over the radial coordinates, yield-
ing an effective 1D Coulomb potential along the axial
direction.81 Efros and co-workers have shown that the
enhanced 1DCoulomb interaction in CdSeNRs leads to
the formation of strongly bound 1D excitons with a
large electron�hole binding energy of over 0.15 eV
and small exciton radius of 1.6 nm.81 According to this
model, the 1D Coulomb potential profile is81

U(z) ¼ �e2=Km(jzj þ Feff ) (1)

where e is the electron charge, κm is the dielectric
constant of the medium, and |z| is the distance be-
tween electron and hole. Feff is the effective screening
length, which is assumed to be 0.7a (a is the radius of
the NR), the same as the value determined for CdSe
NRs.81 At |z| = 0, we have U0 = U(0) = �e2/κmFeff, the
depth of the Coulomb potential well. Therefore eq 1
can be simplified to

U(z) ¼ U0Feff=(jzj þ Feff ) (2)

Using the κm (3.2) of chloroform111 and a Feff of
1.21 nm, the depth of potential well U0 is calculated
to be 0.25 eV for the CdS rod. The Coulomb potential
profile as a function of e�h separation distance (z) is
shown in Figure 5b, lower panel. The wave functions of
1D excitons confined in this potential well are Whittaker-
type functions,Φ(z)�WR,1/2(zh),with zh=2(|z|þ Feff)/(a1DR).
Here a1D = e2κm/p

2μ, where p is the reduced Plank
constant and μ the reducedmass of the electron�hole
pair.81,112 The ground state is the first even state
satisfying the boundary condition dΦ(z)/dz (z = 0) = 0.
Solving this equation gives the first root at R = 0.185.
The resulting probability density distribution is shown
in Figure 5b, upper panel. It shows that the excitons are
highly localized, with 87.6% of the total density found
within (1 nm from the hole. Although this simple
calculation is for axially delocalized electrons and holes
in CdS nanorods andmay differ from the electrons that
are bound to holes that are trapped at the CdS surface
or CdSe core, their much smaller dimension compared
to the rod length provides qualitative support for
spatially separated and localized X1, X2, and X3 ex-
citons in the CdSe/CdS nanorods.

Charge Separation from Three Types of Excitons. To further
examine the nature of X1, X2, and X3 excitons, we have
also investigated charge separation properties of DIR�BQ

complexes. The TA spectra of DIR�BQ complexes at
indicated delay times after 400 nm excitation are shown
in Figure 6a, upper (0�1000 ps) and lower (1�2000 ns)
panels. They show the initial formation of B1, B2, and B3
bleaches within the first picosecond, the same as in free
DIRs, indicating the formation of X1, X2, and X3 excitons.
All three bleach features recover faster than free DIRs
(Figure 4), which can be attributed to electron transfer to
BQ. Thedecayof the excitonbleach leads to the formation
of much weaker TA features that are derivatives of the B1,
B2, and B3 exciton bands and can be assigned to the TA
spectrum of charge-separated states (CS or DIRþ�BQ�).
Similar spectral evolution on a much faster time scale can
be observed in DIR�MV2þ complexes (Figure S3) and in
other QD-electron-acceptor complexes.109,113,114

The spectral evolution from excited NR to CS fea-
tures is completed at ∼100 ns, indicating the comple-
tion of the exciton dissociation process. The decay of
the charge-separated state TA spectral features on the
100�3000 ns time scale can be attributed to the
charge recombination process. This can be further
illustrated by the comparison of normalized kinetics
of B1, B3, and CS shown in Figure 6b. The CS kinetics
reflects the TA signal between 460 and 470 nm, which
switches from negative state-filling-induced bleach in
the excited NR to a positive Stark effect feature in the
charge-separated states.88 The kinetics of this CS peak
is inverted and scaled to compare with B1 and B3 in
Figure 6b, and all of them have been normalized to
have the same value at 100 ns. Indeed, after ∼100 ns,
all three features decay in the same way and can be
attributed to charge recombination. It should also be
noted that the B1 and B3 bleach decay kinetics do not
agree with those in free DIRs (see the comparison in
Figure S7) and cannot be assigned to the presence of
free DIRs in the assembly of DIR�BQ complexes. It is
important to point out that the CS states resulting from
the dissociation of these three excitons may have
different spectra and recombination rates. However,
due to their small signal amplitudes, these different
charge-separated states cannot be differentiated in
this measurement. As a result, we can assume that
there is one CS state spectrum, whose decay reflects
the average charge recombination time.

Because of the overlap of X1, X2, X3, and CS TA
spectra, a quantitative extraction of charge separation
and recombination kinetics requires the fitting of the
TA spectra in Figure 6a by the time-dependent con-
tributions of these spectral components. Details of the
fitting process and quality of the fit are provided in the
Supporting Information (Figure S7). The time-dependent
coefficients for the former and the latter are charge
separationand recombinationkinetics, respectively,which
are shown in Figure 6c.

The kinetics of X3 exciton recovery is identical to
that measured at 540 nm excitation, showing a half-
life of 312 ( 40 ps. The kinetics of X1 and X2 exciton
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dissociation can also be fitted to multiexponential
decays (see Supporting Information for details), and
the fitting parameters are listed in Table S5. The half-
life times are 63.5((21) and 112((49) ps for X1 and X2,
respectively. The exciton dissociation rates show a
trend of X1 > X2 > X3, showing the slowest ET rate
for the X3 exciton. This is consistent with the electron
distribution of the X3 exciton, which is largely localized
in and near the CdSe core, away from the CdS surface,
reducing its electronic coupling with the acceptor. The
dissociation rate for X1 is similar to that in CdS NR�BQ
complexes (∼90 ps),88 although a quantitative com-
parison is difficult, as the rate likely depends on rod
length and the number of absorbed BQ molecules.

The time-dependent population of the charge-se-
parated state can be well fit to a three-exponential
function, from which a half-life of 155 ( 27 ns for
charge recombination is extracted. The slow recombi-
nation in DIR�BQ complexes is a result of hole localiza-
tion: they are either localized in the core (X3) or
localized in the deep-trapping center on CdS surfaces
(X1, X2). This is consistent with previous reported slow
charge recombination in systems with core-localized
or surface-trapped holes, such as CdSe/ZnS,109 CdTe/
CdSe,19 and CdSe/CdS92 core/shell QDs or CdS NRs.88

CONCLUSION

In conclusion, using CdSe/CdS dot-in-rod 1D nano-
rods as a model system, we have studied exciton
formation, relaxation, and dissociation dynamics in
1D nanorod heterostructures by transient absorption
spectroscopy. CdSe/CdS nanorods were prepared by a
seeded growth method, consisting of a CdSe seed

surrounded by a CdS shell and a CdS rod. A difference
in the quantum confinement energy in the CdS shell
and rod region (caused by the larger diameter in the
former) and bulk band edge positions in CdSe and CdS
leads to three distinct optical absorption features in the
DIR with their lowest energy transitions, labeled as B1,
B2, and B3 in Scheme 1b. We showed that excitation
at the B3 transition led to the bleach of B2 and B3
transitions. Because the B3 transition directly gener-
ates the band edge exciton (X3) with a hole localized in
the CdSe valence band and electron in the lowest
energy conduction band level of the DIR, the formation
of B2 bleach suggests that the electron level is delo-
calized in the CdSe seed/CdS shell region, indicating a
quasi-type II band alignment.
Excitation of the B2 transition, promoting an elec-

tron from the lowest energy VB of the CdS shell to the
lowest energy delocalized CB level of the CdSe seed/
CdS shell region, leads to the bleach of the B2 and B3
transitions and a larger amplitude of the B2 bleach
compared to the TA spectrum of the X3 exciton. This
suggests the formation of the X2 exciton (with bleach
of the B2 band) in addition to the X3 excitons. Excita-
tion at B1 generates excitons at the CdS rod region:
47% of the excitons relax to form X1 excitons, with
electrons in the conduction band of the CdS rod (giving
rise to the B1 bleach); 7% and 46% of the remaining
excitons relax to X2 and X3 states, respectively. These
exciton states are long-lived, with half-lives of
22.5((1.7) ns, 32.1((2.2) ns, and 8.34((0.31) ns for
X1, X2, and X3 excitons, respectively. The lack of inter-
conversion between these exciton states suggests that
they are spatially separated and/or strongly bound.

Figure 6. TA spectra and kinetics of DIR�BQ complexesmeasured at 400 nm excitation. (a) TA spectra of DIR�BQ complexes
at 0.2 to 1000 ps (upper panel) and 1 to 2000 ns (lower panel). (b) Comparison of kinetics of B1 and B3 and CS (labeled in panel
a) features from 1 to 3000 ns. The CS signal has been inverted, and all signals have been normalized to the same value at
100�3000 ns. (c) Time-dependent populations of X1 (red circles), X2 (green triangles), X3 (blue diamonds), and charge-
separated state (CS, pink squares) from0 to 3000 ns and theirmultiexponential fits (black lines). Also shown for comparison is
the X3 exciton dissociation kinetics measured at 540 nm excitation (purple stars).
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We propose that in the X3 exciton state the electron
is localized in and near the CdSe seed due to strong
Coulomb attraction by the CdSe confined hole, despite
the quasi-type II band alignment. The formation of the
X2 state is driven by hole trapping on the CdS shell,
which localizes the electrons to the surface-trapped
holes. The hole-driven localization process and strong
electron�hole interaction form spatially separated X2
and X3 excitons despite their common electron level in
this 1D material with quasi-type II band alignment.
Similarly, the X1 exciton state is formed by hole trap-
ping on the CdS rod, which localizes the electron and
separates X1 from X2 and X3 excitons. The hole-driven
exciton localization process occurs with a time con-
stant of ∼0.4 ps, likely limited by the hole transfer/
trapping rates due to their larger effective mass. The
partition between these exciton states is controlled by
the relative rates of hole localization and trapping. To
provide further support of the proposed exciton identity,

we have also studied their dissociation kinetics in DIR�
benzoquinone complexes. In the presence of the elec-
tron acceptor, we showed that these excitons were
shorter lived due to electron transfer to the acceptors
and their electron transfer rates were different. The X3
excitons show the slowest dissociation rate, consistent
with the proposed structure in which the electrons are
localized near the CdSe seed further away from the CdS
surface compared to the X1 and X2 excitons.
Our results demonstrate that in 1D nanorod hetero-

structures the fate of excitons is determined by not
only the overall band alignment of the components
but also the dynamics of exciton relaxation. The latter
can be strongly influenced by carrier trapping induced
exciton localization due to strong electron�hole inter-
action in 1D materials. The distinct spatial locations of
these excitons have an important effect on their appli-
cation as light-harvesting materials for solar energy
conversion.

METHODS/EXPERIMENTAL SECTION
CdSe�CdSe DIRs were prepared by a standard seeded

growth procedure starting with a 2.35 nm (diameter) CdSe
QD seed.23,24 DIR�BQ complexes were prepared by adding
BQ powder to a DIR chloroform solution followed by sonication.
DIR�MV2þ complexes were prepared by adding several drops
of concentrated MV2þ methanol solution to a DIR chloroform
solution followed by sonication. All samples were filtered
through 2 μm filters before TA experiments to remove undis-
solved molecules and to minimize light scattering. Details of
sample preparations and TA spectrometer setups are provided
in the Supporting Information.
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