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C
ompared to zero-dimensional (0D)
quantum dots (QDs), colloidal one-
dimensional (1D) quantum confined

semiconductor nanostructures, such as nano-
rods (NRs) and tetrapods,1�4 have larger
absorption cross sections,5�7 enhanced sta-
bilities,8,9 longer multiexciton lifetimes,10�13

and linearly polarized emissions,14�19 making
thempromising light-harvesting, light-emitting,
and photocatalysismaterials.11,20�29 Among
them, 1D NR heterostructures consisting
of multiple components can lead to proper-
ties that cannot be achieved in single-
component materials.2,4,30�35 CdSe@CdS
dot-in-rod NRs (CdSe@CdS hereafter for
simplicity), with a CdS NR grown from a
CdSe QD seed, is one of the most intensely
studied 1D heterostructures.15,16,29,36�41

Due to the large valence band (VB) offset
(>0.45 eV) and small conduction band (CB)
offset (<0.3 eV) between bulk wurtzite CdSe
and CdS,15,38 the band alignment of these

CdSe@CdS NRs can be tuned by the seed
size and rod diameter from type I (with the
lowest energy electron and hole levels con-
fined in the CdSe seed) to quasi-type II (with
the lowest energy hole confined in the CdSe
seed and the lowest energy electron level
degenerate in CdSe and CdS).37�48 While it
is clear that in type I NRs the lowest energy
exciton is confined in the CdSe seed, exten-
sive recent studies have revealed that in
quasi-type II NRs, the electron in the lowest
energy exciton state is also localized at
and near the CdSe seed,41,42,49 due to strong
electron�hole bindings in 1D nanostruc-
tures.50 Therefore, in these heterostructures,
theCdS rods acts asnanoscale light-harvesting
antennas and the photogenerated excitons
in the rod can be transported and localized
to the CdSe seed,40 mimicking natural light-
harvesting complexes.51,52 For this reason,
CdSe@CdS NRs have been applied to solar-
to-fuel conversion,23,27,53 luminescent solar
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ABSTRACT A critical step involved in many applications of one-

dimensional seeded CdSe@CdS nanorods, such as luminescent solar

concentrators, optical gains, and photocatalysis, is the localization of

excitons from the light-harvesting CdS nanorod antenna into the light-

emitting CdSe quantum dot seed. We report that the rod-to-seed exciton

localization efficiency decreases with the rod length but is independent of

band alignment between the CdSe seed and CdS rod. This universal

dependence can be well modeled by the competition between exciton

one-dimensional diffusion to the CdSe seed and trapping on the CdS rod.

This finding provides a rational approach for optimizing these materials

for their various device applications.
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concentrators,54 and optical gains.28,29,55 These appli-
cations all take advantage of the large volume of CdS
rods for efficient light absorption and funnel photo-
generated excitons into CdSe seeds, where chemical
reactions or light emissions occur.
Exciton transport from the CdS rod to the CdSe seed

in CdSe@CdS NRs involves not only energy relaxation
from higher to lower energy exciton states but also
charge transport over a length scale of 10�1000 nm.
Such long-distance exciton transport is susceptible to
energetic disorder along the length of the rod caused
by diameter variations and trap states.40 It has been
reported that the rod-to-seed exciton localization effi-
ciency is not unity, and there exist long-lived excitons
trapped on the CdS rod in addition to localized exci-
tons at the CdSe seed.46,56,57 But it remains unclear
how these excitons are transported along the rods
and how the branching ratio of the aforementioned
pathways depends on the length of the rods and the
seed/rod band alignment. In this paper, we report a
study of the rod length dependence of exciton locali-
zation efficiency in CdSe@CdS NRs with both type I and
quasi-type II band alignments. By photoluminescence
excitation (PLE) spectroscopy and transient absorp-
tion (TA) spectroscopy, we observed that the exciton
localization efficiency was independent of the band
alignment but decreased at longer rod length. We
showed that this universal length dependence could

be accounted for by the competition between 1D
exciton diffusion from the rod to the seed and exciton
trapping at the rod. We believe that the proposed
model is generally applicable to other 1D nanohetero-
structures, providing guidance for a rational design of
NR morphology for their many applications.

Preparation and Morphological Characterization of CdSe@CdS
NRs. CdSe@CdS NRs of varying dimensions were
synthesized using modified approaches from the
method of Manna and co-workers,16,37,58,59 where
CdSe QDs of different sizes were used as seeds to
prepare CdS NRs. Synthetic details can be found in
the Methods section and Supporting Information (SI).
An attractive feature of these heterostructures is the
ability to prepare NRs of uniform length and diameter
by controlling the ratio of CdSe QD seeds to CdS NR
precursors (SI). In the current report, seven NR samples
were prepared using three CdSe seed sizes (diameter =
2.5, 2.7, and 3.8 nm): three NRs of different lengths
were grown with 2.7 and 3.8 nm CdSe seeds, and one
NR was grown for 2.5 nm seeds. For convenience we
labeled them by their seed diameters and rod lengths.
For example, CdSe2.5@CdS36 has a seed diameter of
2.5 nm and rod length of 36 nm. Representative
transmission electron microscopy (TEM) images of
NRs grown from 2.7 and 3.8 nm seeds are shown in
column 1 of Figure 1 and Figure 2, respectively. These
seeded NRs exhibited relatively uniform diameters

Figure 1. Quasi-type II CdSe@CdS NRs (2.7 nm seed). (Column 1) Representative TEM images, (column 2) absorptance (black
solid line), photoluminescence (PL, blue solid line), and photoluminescence excitation (PLE, red dashed line) spectra, and
(column 3) wavelength-dependent relative PL QYs of (a) CdSe2.7@CdS29, (b) CdSe2.7@CdS47, and (c) CdSe2.7@CdS117 NRs.
Column 1 insets: color-coded EDX elemental maps of Se (green, indicating location of the CdSe seed), Cd (red), and S (blue).
Note that they are arbitrarily enlarged and do not share the same scale bar as the TEM images. The PLE and absorptance
spectra in column 2 have been normalized at the lowest energy exciton peak (an expanded view is shown in the insets).
The shaded areas in column 3: regions of gradual decrease of relative PL QYs.
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without the incidence of geometric or morphological
defects along the 1D CdS phase (see SI Figures S1�S4
and Table S1 for NR dimensional analysis).36,40

In addition, we observed that increasing rod length
was accompanied by a slight decrease in the average
rod diameter (Table S1) from 5.6 ( 0.7 nm in
CdSe2.7@CdS29 to 4.9 ( 0.6 nm in CdSe2.7@CdS117.
Similarly, for a 3.8 nm seed, the average rod diameter
decreased from 5.9( 0.6 nm in CdSe3.8@CdS31 to 4.8(
0.7 nm in CdSe3.8@CdS116. In general, the morphology
of these nanorods can be approximately represented
by a uniform CdS nanorod with an enclosed CdSe seed
as depicted in Scheme 1a.

Energy-dispersive X-ray spectroscopy (EDX) was
used to analyze the element distribution along the
NRs and to identify the position of the CdSe seed for
the series of NRs investigated in this study. These seed
positions are crucial when determining rod-to-seed
exciton transport distances. As shown in the insets
of column 1 of Figure 1, the CdSe seeds can be traced
by the green Se regions, from which average seed
positions were determined (Table S2). Roughly, the
seeds were located at ∼1/2, 1/3, and 1/5 of the
total rod lengths of CdSe2.7@CdS29, CdSe2.7@CdS47,
and CdSe2.7@CdS117, respectively. Similar trends were
observed for NRs with 2.5 nm (see SI, Figure S2) and
3.8 nm seeds (column 1, Figure 2). It has often been
assumed that the seed is located at 1/4 of the rod

Figure 2. Type-I CdSe@CdS NRs (3.8 nm seed). (Column 1) Representative TEM images, (column 2) absorptance (black solid
line), photoluminescence (PL, blue solid line), and photoluminescence excitation (PLE, red dashed line) spectra, and
(column 3) wavelength-dependent relative PL QYs of (a) CdSe3.8@CdS31, (b) CdSe3.8@CdS48, and (c) CdSe3.8@CdS116 NRs.
Column 1 insets: colored-coded EDX elemental maps of Se (green, indicating location of CdSe seed), Cd (red), and S (blue).
Note that they are arbitrarily enlarged and do not share the same scale bar as the TEM images. The PLE and absorptance
spectra in column 2 have been normalized at the lowest energy exciton peak (an expanded view is shown in the insets).
The shaded areas in column 3: regions of gradual decrease of relative PL QYs.

Scheme 1. Electronic structure and exciton dynamics in
type I and quasi-type II CdSe@CdS NRs. (a) Schematic
illustration of a CdSe@CdS seeded NR and the relaxation
processes (localizing to theCdSe seedor trappingat theCdS
rod) of an exciton generated at the CdS rod. Schematic
energy level diagrams of (b) quasi-type II (2.7 and 2.5 nm
seeds) and (c) type I (3.8 nm seeds) CdSe@CdS NRs, showing
bulk band edges of CdS and CdSe (gray dotted lines)
and lowest electron and hole energy levels in the CdSe
seed and the CdS rod (black solid lines) and sub-band
gap hole trapping states on the CdS rod (black dotted
lines). Also labeled are excitons trapped on the CdS rod
(X1) and localized at the CdSe seed (X2) as well as lowest
energy transitions in the CdS rod (B1) and the CdSe
seed (B2).
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length due to different growth rates of the two
terminating facets of CdS NRs.16,37 Our result indicates
that the seed is close to the center of short rods but
deviates gradually from the center for longer rods.
The detailed morphological parameters (including
seed size, seed position, rod length, and rod diameter)
for all investigated NRs are summarized in Table S1.

Electronic Structure of Type I and Quasi-Type II CdSe@CdS
NRs. The optical absorption and emission spectra of
these NRs confirmed that the band alignment of CdSe
and CdS can be tuned from type I to quasi-type II by
decreasing the CdSe seed sizes. The absorption spectra
of all NRs are shown in Figure S7. The absorptance,
photoluminescence (PL), and photoluminescence exci-
tation (PLE) spectra of NRs with 2.7 and 3.8 nm seeds
and different lengths are shown in column 2 of Figure 1
and Figure 2, respectively. For a better comparison
with PLE spectra (PL intensity as a function of excitation
wavelength), we have shown the absorptance spectra
(absorptance = 1�10�OD, where OD is optical density,
representing the percentages of absorbed photons
as a function of wavelength) instead of the absorption
spectra in Figures 1 and 2. Extensive studies of related
CdSe@CdS NRs have shown that their electronic struc-
ture can be described by the schematic energy level
diagrams depicted in Scheme 1b and c.37,39,40,44,46,47,56,57

Because of the large valence band and small conduc-
tion band offsets between CdSe and CdS, CdSe@CdS
NRs can exhibit band alignments of either quasi-type II
for small CdSe seeds37 (Scheme 1b) or type I for large
CdSe seeds38 (Scheme 1c) depending on the extent
of quantum confinement in the seed.39 Quantum
confinement in the radial direction leads to discrete
electron and hole energy levels in the CdS rod, and
excitonic transitions between these levels give rise
to the 1D exciton bands at <480 nm in the absorption
spectra.37,56 As shown in column 2 of Figure 1 and
Figure 2 (and Figure S7), the absorption bands at∼475
and 420 nm can be attributed to the lowest energy 1Σ
(or B1) and 1Π excitonic bands of CdS rods, respec-
tively. In addition, the absorption spectra showed ex-
citonic features of >512 nm (smaller than the CdS bulk
band gap of 2.42 eV60) that can be associated with
transitions from the CdSe seed. The transition energies
of CdSe features depended sensitively on the size of
CdSe seeds, with the lowest excitonic band at∼580 and
∼610 nm for NRswith 2.7 and 3.8 nm seeds, respectively.
We labeled this transition as B2 in Scheme 1b and c.
With increasing rod length, the relative amplitude of
the CdS absorption (B1) became larger because of
its increasing volume. For both NRs with the 2.7 and
3.8 nm seed, the B1 exciton peak positions were blue-
shiftedwith increasing rod length (Figure S7), reflecting
decreasing diameters at longer rod lengths. Interest-
ingly, the same lengthdependencewas observed in the
B2 transition for NRswith a 2.7 nm seed, but not for NRs
with a 3.8 nm seed (Figure S7 and Table S2). This result

suggests that the B2 transition energy of NRs with a
2.7 nm seed is sensitive to the energy level of the CdS
rod, consistent with a quasi-type II band alignment
(Scheme 1b), and the B2 transition energy of NRs with
a 3.8nmseed is insensitive to the energy level of theCdS
rod, exhibiting a type I band alignment (Scheme 1c).

To further confirm the band alignment in these NRs,
we carried out a transient absorption study following
previous works.37,56,61 In these measurements, we
selectively excited these samples at 575 nm, the lowest
energy transition (B2), to generate an X2 exciton (see
Scheme 1b and c) in the seed. The resulting TA spectra
(averaged between 1 and 2 ps delay) for NRs with
2.7 and 3.8 nm seeds are shown in Figure 3a and b,
respectively. Their kinetics in Figure S9 show that these
spectral features form instantaneously (<10 fs) and
only slightly decay (<15%) within 1 ns, indicating
dominant single-exciton conditions.29 For NRs with
a 2.7 nm seed (Figure 3a), 575 nm excitation led to a
strong bleach of both the B2 band of the CdSe seed
(∼580 nm) and the B1 band of the CdS rod (∼475 nm).
Since these bleaches are caused by the state filling of
the CB electron level,56 the instantaneous formation
of both B1 and B2 bleaches indicates that the electron
wave function of the X2 exciton extends from the CdSe
seed into the CdS rod, consistent with a quasi-type II
electronic structure (Scheme 1b).41,56 A similar electron
wave function delocalization and quasi-type II band
alignment was observed for the CdSe2.5@CdS36 NR
(Figure S10). In contrast, for NRs with a 3.8 nm seed
(Figure 3b), 575 nm excitation led to a strong B2 bleach
and negligible B1 bleach, indicating that the electron
wave function of the X2 exciton has negligible ampli-
tude at the CdS rod, consistent with a type I electronic
structure (Scheme 1c). There exists a derivative-like

Figure 3. Averaged transient absorption (TA) spectra of NRs
with a 2.7 nm (a) and 3.8 nm (b) seed measured at 1�2 ps
after 575 nm excitation. For comparison, TA spectra of
corresponding CdSeQDswith similar confinement energies
are also shown.

A
RTIC

LE



WU ET AL . VOL. 9 ’ NO. 4 ’ 4591–4599 ’ 2015

www.acsnano.org

4595

feature near B1 (Figure 3b), which is also observed in
CdSe QDs of similar confinement energy (Figure 3b)
and can be attributed to the effect of the lowest energy
exciton on the higher energy transitions (i.e., biexciton
interaction) of the CdSe seed.62

Length-Dependent Exciton Localization Efficiency. PL spec-
tra of all NRs studied in this work (column 2 of Figure 1
and 2 and Figure S8c) showed pronounced X2 exciton
emission that was slightly red-shifted from the B2
absorption band of the seed and negligible emission
from the CdS rod, consistent with previous reports.16,36

PLE spectra shown in Figures 1 and 2 were acquired by
monitoring the emission at the PL peak (with a detec-
tion bandwidth of 2 nm) and have been normalized to
the same amplitude as the absorptance spectra at the
B2 band. The ratio of normalized PLE over absorptance
yields relative PL quantum yields (QYs), which is also
the efficiency of converting (localizing) the initial
photogenerated exciton on the rod to the X2 exciton
in the seed (with the localization efficiency for excita-
tion at the B2 band set to 1).56 As shown in column 3 of
Figures 1 and 2, for all these NRs, the exciton localiza-
tion efficiencies were constant (unity) at wavelengths
longer than 520 nm where light absorption occurs at
the CdSe seed, decreased gradually at 480�520 nm
when the absorption of CdS rods increased, and
leveled off at wavelengths shorter than 480 nm to
∼75.7( 1.5% (74.2( 1.2%), 55.9( 1.6% (55.8( 0.7%),
and 30.5 ( 2.6% (31.3 ( 3.0%) for CdSe2.7@CdS29
(CdSe3.8@CdS31), CdSe2.7@CdS47 (CdSe3.8@CdS48),
and CdSe2.7@CdS117 (CdSe3.8@CdS116), respectively.
At < 480 nm (above the CdS rod band gap), the
absorption is dominated by CdS rods due to their
much larger volume than CdSe seeds and the mea-
sured exciton localization efficiency reflects the locali-
zation of excitons generated at the CdS rod to (near)
CdSe seed in these NRs, driven by the large VB offset
(>0.45 eV).53,56 Similar measurements were performed
on the CdSe2.5CdS36 sample, and the rod-to-seed
exciton localization efficiency was determined to be
64.6 ( 2.8% (Figure S8). These results, plotted in
Figure 4, showed that the rod-to-seed exciton localiza-
tion efficiency for these NRs was independent of the
seed size but decreased with rod length. Since the NRs
with 2.5 and 2.7 nm seeds have quasi-type II band
alignments different from the type I band alignment
in NRs with 3.8 nm seeds, the seed size independence
indicates that the band alignment does not affect the
exciton localization process in these NRs.

Exciton Trapping on Nanorods. The observed nonunity
rod-to-seed exciton localization efficiencies and their
rod length dependence suggest the presence of other
exciton localization pathways that compete with
exciton transport to the CdSe seed. Through studies
of related CdSe@CdS NRs and CdS NRs, we have pre-
viously attributed this competition process to hole-
trapping-induced exciton localization on CdS NRs.56

Although the hole trapping time constant was re-
ported to be ∼0.7 ps for CdS NRs with an average
length of 29 nm,63 the length dependence of this
process remains unknown. To this end, we have mea-
sured the hole trapping time for NRs used in this study
by TA spectroscopy. Representative average TA spectra
at 5�10 ps after 400 nm excitation for CdSe2.7@CdS117
and CdSe3.8@CdS116 are shown in Figure 5a. These

Figure 4. Universal length dependence of exciton localiza-
tion. (a) Measured (symbols) and simulated (dashed line)
exciton localization efficiencies in CdSe@CdS NRs with
2.5 nm (blue triangles), 2.7 nm (red circles), and 3.8 nm
(green squares) seeds. (b) CdS rod absorption cross-section
(black solid line) and effective CdSe seed absorption cross-
section (red dashed line) as a function of rod length.

Figure 5. (a) TA spectra of CdSe2.7@CdS117 (black solid line)
and CdSe3.8@CdS116 (red dashed line) averaged between
5 and 10 ps after 400 nm excitation. The inset is the
expanded view of the photoinduced absorption (PA) signal
from 640 to 760 nm. (b) Formation kinetics of the PA signal
for CdSe2.7@CdS29 (red triangles), CdSe2.7@CdS47 (green
circles), CdSe2.7@CdS117 (blue squares), and CdSe3.8@CdS116
(purple diamonds). The black solid line is a fit using single-
exponential formation.
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spectra exhibited a small and broad photoinduced
absorption (PA) signature at wavelengths longer than
the B2 exciton band, which has been assigned to
trapped holes on the surfaces of CdS rods (by selective
removal of electrons from the rods in the presence of
electron acceptors).63 Comparison of NRs with 2.7 and
3.8 nm seeds of different lengths (Figure 5b) showed
that the formation kinetics of the PA signal was
independent of the rod length or seed size. Single-
exponential fit to these kinetics revealed a hole
trapping time of τTrap = 0.78 ( 0.13 ps, similar to our
previous result of CdS NRs.63 Although the reason for
the lack of length dependence in the hole trapping rate
is unclear, it may indicate that the hole trap density
is independent of rod length. We speculate that they
are likely associated with defects on the rod surfaces,
such as the unpassivated sulfur anions,64 that increase
proportionally with the rod length.

Mechanism of Universal Length-Dependent Exciton Localiza-
tion Efficiency. In the following, we consider three
possible mechanisms of exciton localization from the
CdS rod to the CdSe seed: energy transfer, ballistic
exciton transport, and exciton diffusion.65 These mec-
hanisms can be differentiated by their dependence on
the rod length. The energy transfer time constant is
proportional to the sixth power of the donor�acceptor
distance according to the Forster resonant energy
transfer (FRET) theory.66 Therefore, the length depen-
dence of the energy transfer rate can be readily
calculated, even though reliable estimates of the ab-
solute energy transfer rate, requiring the information
on absorption and emission cross sections, are difficult
for these NRs. The simulated results in Figure S11
showed that the FRET mechanism led to a much
stronger distance dependence of the exciton localiza-
tion efficiency than the measured trend shown in
Figure 4. Further details of the simulation can be found
in the SI.

Ballistic transport occurs within the carrier mean
free path (Lmfp). Lmfp in CdS NRs is related to the
product of the scattering time constant, τc, and thermal
velocity at room temperature (RT), vth, through Lmfp ≈
τcvth.

67 τc can be calculated from the reported carrier
mobility (μ) through τc = μm*/q,67 wherem* and q are
the effective mass and charge of the particle, respec-
tively. The reported upper limit of electron (hole)
mobility in bulk single crystal CdS at room temperature
is∼400 (∼48) cm2 s�1 V�1,68�72 which corresponds to
an upper limit of the mean free path of ∼4 (1.6) nm.
Exciton mean free path should be limited by holes
and also has a upper limit of ∼1.6 nm in CdS NRs.
The short carrier mean free path in CdS has been
attributed to their strong interactions with phonons,
through Frohlich, deformation potential, or piezo-
electric scatterings.73 Therefore, in our NRs with
lengths of 10's to 100's of nanometers, exciton and
carrier transport should proceed through diffusion.

We then model the exciton localization process by
accounting for the competition between exciton diffu-
sion and exciton trapping. As shown in Scheme 1a, the
CdSe seed divides the CdS NR into two segments with
lengths of L1 and L2. We solve the exciton localization
problem within L1 and L2 using the modified 1D
diffusion equation:

DN(x, t)
Dt

¼ D
D2N(x, t)
D2x

� N(x, t)
τTrap

(1)

where D is the exciton diffusion constant and N(x,t)
is the concentration of excitons at a distance x from
the seed at time t. The second part on the right-hand
side of eq 1 accounts for depopulation of the CdS band
edge excitons due to trapping. The boundary condi-
tions for this equation are N(x,t=0) = N0, N(x=0,t) = 0,
and J(x=L1(2),t) = [∂N(x=L1(2),t)]/∂x = 0. The first bound-
ary condition indicates randomly generated excitons
along the rod; the second one assumes that exciton
transfer across the CdS/CdSe interface (i.e., capture
by the CdSe seed) is much faster than the diffusion
process within the CdS rod; the third one indicates that
the fluxes crossing the NR ends are zero. Using these
boundary conditions, eq 1 is analytically solvable
and the details are shown in the SI. With the solution
of N(x,t), the ensemble-averaged exciton population
on the rod, S(t), is obtained by integrating N(x,t) over
the rod length:

SL1 (t)�
Z L1

0
N(x, t) dx� ∑

¥

n¼ 1

1
n2

e
� D nπ

2L1

� �2

þ 1
τTrap

� �
t

(2)

where n is an odd integer 1, 3, 5, .... The exponent in
eq 2 reflects the competition between carrier trapping,
with a time constant of τTrap, and diffusion, whose
characteristic time scale is proportional to the square of
the diffusion length.74 The efficiency of exciton locali-
zation to the seed within L1 is calculated as

Φ(L1) ¼ ∑
¥

n¼ 1

1
n2

D
nπ

2L1

� �2

D
nπ

2L1

� �2

þ 1
τTrap

= ∑
¥

n¼ 1

1
n2

(3)

Φ(L2) can be calculated in the same way, and the
overall localization efficiency Φ(L) is obtained by the
length-weighted average of Φ(L1) and Φ(L2):

Φ(L) ¼ L1Φ(L1)þ L2Φ(L2)
L1 þ L2

(4)

With the exciton diffusion constant D as the only
fitting parameter, we simultaneously fit the localization
efficiency for all NRs, as shown in Figure 4a. From the
best fit, we obtained a diffusion constant D of 2.3 �
10�4 m2/s. The electron (De) and hole (Dh) diffusion
constants in bulk CdS, calculated from their mobilities,
are ∼10 � 10�4 and 1.2 � 10�4 m2/s, respectively.
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The exciton center of mass diffusion constant (DX) can
be calculated to be 3.2� 10�4 m2/s. Our fitted exciton
diffusion constant in CdS NRs is slightly smaller than
the bulk value, which is reasonable considering addi-
tional scattering channels due to the presence of large
surface areas in NRs.75 Our simulation result confirms
that the rod-to-seed exciton localization efficiency is
controlled by the competition between exciton diffu-
sion and exciton trapping, which is independent of the
rod/seed band alignment, and is dependent on the rod
length in a predictable manner.

Implications for Device Performance. CdSe@CdS NRs
have been used as light-absorbing materials in lumi-
nescent solar concentrators in which the large CdS rod
absorption, efficient rod-to-seed exciton localization,
and small CdSe seed reabsorption loss enable the
concentration of absorbed solar flux by the rod into
the emission at the seed.54 Although the requirement
of large rod absorption and small seed reabsorption
can be realized by increasing the rod length, there
exists an optimal rod length because the rod-to-seed
localization efficiency decreases at longer rod length.
Thus, it is useful to define an effective light-harvesting
power (or effective absorption cross section) for these
CdSe@CdS NRs as a product of the absorption cross
section of the rod and the rod-to-seed exciton localiza-
tion efficiency. This quantity represents the effective
cross section for creating excitons in the seed through
absorption at the rod. The fit to the measured data
discussed above gives a prediction of exciton localiza-
tion efficiencies of all NRs in the length ranges of 10 to
200 nm, as shown in Figure 4a. In this calculation, we
have assumed that the seed positions followed the
trend observed for the NRs we studied (Figure S12;
see SI for details), and the absorption cross section
of the rod increases linearly with the rod length.

The calculated effective seed absorption cross section
(Figure 4b) initially increases with the rod length and
levels off at a rod length of∼100 nm. In this calculation,
we have set the cross sections to one for NRs of 10 nm
in length. The effective seed absorption cross section
levels off at a value that is 3.5 times that of a 10 nm rod,
despite a factor of 10 and higher total absorption cross
section of the CdS rod at a rod length exceeding
100 nm. Further increase in the rod length does not
lead to enhanced ability of creating excitons at the
seed because of the reduced rod-to-seed exciton
localization efficiency. This result confirms the exis-
tence of an optimal rod length for light-harvesting
applications.

CONCLUSION

In conclusion, we have examined the mechanism of
rod-to-seed exciton localization in CdSe@CdS dot-in-
rod NR heterostructures with both type I and quasi-
type II band alignments. We observed a universal rod
length dependent exciton localization efficiency that
decreased with the rod length (∼75.7 ( 1.5% in a
∼29 nm rod to 30.5 ( 2.6% in a 117 nm rod) and was
independent of the CdSe/CdS band alignment. We
showed that this universal length dependence could
be reproduced by a model that accounted for the
competition between ultrafast 1D exciton diffusion
and ultrafast exciton trapping (τTrap = 0.78 ( 0.13 ps)
on the CdSNR. Best fit to themeasured results revealed
an exciton diffusion constant of 2.3� 10�4 m2/s, which
is slightly smaller than the reported value in bulk CdS.
The proposedmodel can beused to predict the exciton
localization efficiency in CdSe@CdS of any length and
should be applicable to other NRs, providing a rational
approach for optimizing NR morphologies for efficient
yet cost-effective 1D heterostructure-based devices.

METHODS
CdSe@CdS NRs of varying dimensions were synthesized

using approaches reported by Manna and co-workers,16 with
slight modifications.58,59 CdSe QDs of different sizes were used
as seeds, and the lengths and diameters of overcoated CdS
NRs were controlled by the ratio of CdSe QD seeds to CdS NR
precursors. Details can be found in the SI. Instruments for
structural and optical characterizations of these CdSe@CdS
NRs were also documented in the SI. Femtosecond transient
absorption measurements were performed using laser
lights from a regeneratively amplified Ti:sapphire laser system
(Coherent Legend, 800 nm, 150 fs, 2.4 mJ/pulse, and 1 kHz
repetition rate). Further details can be found in the SI.
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