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T
emperature-dependent studies of semi-
conductor nanocrystal (NC) emission
properties above room temperature re-

present an emerging area of interest as
research into NC-based devices moves
toward technological implementation.1�10

Functioningdevices, suchasphotovoltaics,11,12

LEDs,13,14 color converting layers,15 lumines-
cent concentrators,16,17 andNC-based lasers18

may require stable, high-performance op-
eration at elevated temperatures. Displays
in particular require phosphors with sus-
tained brightness and high color purity at
temperatures frequently exceeding 100 �C.
Temperature-dependent optical studies
of colloidal semiconductor NCs are com-
monly performed at low temperature to
elucidate electronic and excitonic structure
in the absence of thermal broadening.19,20

Studies of the evolution of photolumines-
cence (PL) at temperatures closer to the
operating range of optoelectronic devices
remain limited. There is relatively little un-
derstanding of how synthetically controlla-
ble parameters;size, shape, composition,

electronic structure;contribute to the sta-
bility or instability of PL at temperatures
exceeding 300 K. The study of these vari-
ables has the potential to contribute to
improvements in device performance.
In this context, seeded-growth CdSe/CdS

nanorods (NRs) are excellent candidates
for light-emitting applications and study at
high temperature. The presence of an ani-
sotropic CdS shell yields samples that com-
bine high PL quantum yields, excellent color
purity, and strongly polarized emission.21�23

Similar to spherical core/shell systems, sam-
ples can be prepared with many core sizes
and shell thicknesses. In contrast to spherical
core/shell systems, CdSe/CdS NRs allow a
separate treatment of the shell thickness in
the short axis and the total heterostructure
size. Earlier works on II�VI2�4 and III�V NCs1

have shown that core/shell NCs show im-
proved thermal stability of PL in terms of
preserved luminescence and reversibility of
PL loss. In thiswork, we examine PL properties
of a family of CdSe/CdS nanoheterostructures
prepared by seeded growth to investigate
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ABSTRACT The steady-state and time-resolved photoluminescence properties of

CdSe/CdS heterostructures are studied as a function of temperature from 300 to 600 K.

The emission properties of samples are found to behave similarly to bulk CdSe, with

the samples maintaining high color purity and a slightly contracting band gap at

elevated temperature. Photoluminescence from CdSe/CdS samples is maintained with

high stability over prolonged illumination and multiple heating and cooling cycles.

Structures synthesized with variation in the core and the shell dimensions show that

the preservation of emission intensity at high temperature depends strongly on the microscopic structure of the samples. For samples synthesized by

seeded growth, the size of the CdSe core is highly correlated with the fraction of preserved sample photoluminescence intensity at high temperature.

Temperature-dependent lifetime data suggest that the core structure predicts the stability of photoluminescence at elevated temperatures by controlling

the radiative rate. The rate of electron capture, for which the volume fraction of the core is a structural proxy, underpins the ability for radiative processes

to compete with thermally induced nonradiative decay pathways. Heterostructures synthesized below 200 �C using highly reactive organometallic

precursors show markedly lower thermal stability than samples prepared by seeded growth at 360 �C, suggesting that the temperature of nanocrystal
synthesis has direct consequences for the thermal stability of photoluminescence.

KEYWORDS: photoluminescence . thermal stability . colloidal nanomaterials . time-resolved photoluminescence
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how NC core and shell dimensions contribute to PL
behavior from 300 to 600 K. We found that the degree
to which PL is preserved at high temperature in CdSe/
CdS core/shell NRs depends on the physical dimen-
sions of the core/shell NR and the method of sample
preparation. Thermal cycling experiments suggest that
PL quenching occurs primarily through thermally re-
versible formation of single carrier trap sites consistent
with previous reports.2,4 Time-resolved PL experiments
suggest that samples with faster radiative decay;
determined by the physical size of the core and the
shell components;show less PL quenching at ele-
vated temperature.

RESULTS AND DISCUSSION

Thermal Stability of Photoluminescence from Seeded Growth
Heterostructures. Figure 1 shows the typical optical and
structural properties of CdSe/CdS dot-in-rod NCs.
Spherical CdSe NCs with wurtzite structure (Figure 1a)
are reacted at 350�360 �C in a seeded growth synthe-
sis to grow a heteroepitaxial CdS shell that forms an
elongated NR (Figure 1b). The product dot-in-rod
heterostructures show a red-shift of the first excitonic
absorption feature (Figure 1c), similar to results for
isotropically overcoated CdSe NCs.24 The addition of
the large CdS shell results in substantially increased
absorption for energies greater than 2.5 eV. Structu-
rally, the wurtzite CdSe NCs, with broad X-ray scatter-
ing features, transform into a CdS rod, with the
anisotropic growth particularly evident in the sharp-
ness of the [002] reflection at 27.5� (Figure 1d).

In this study we employ samples in which the core
size and heterostructure dimensions are tuned to
investigate patterns in the PL behavior at high tem-
peratures. In contrast to some previous studies, in
which temperature-dependent emission was studied
to 800 K,1,2 limiting the highest temperature to 600 K
ensures that the NCs do not sinter and even maintain
solution dispersibility. Figure S1 shows the CdSe NR
sample before heating and the same sample after
heating and cooling followed by quantitative redisper-
sion in hexanes. After gentle agitation from stirring,
nearly all NRs were liberated from the substrate sur-
face. Absorption and emission curves of the sample
before and after heating are superimposable, despite
strongly quenched PL at 600 K. This represents the
strongest evidence that the structure of the NCs
remains intact throughout the experiment and the
results are not affected by irreversible structural
changes such as sintering or phase transitions.

Figure 2a�d show contour plots of the tempera-
ture-dependent emission from four samples of dot-in-
rod NCs in which the CdSe core sizes used in seeded
growth are 2.2 nm “small” NCs, 3.8� 3.6 nm “medium”

NCs, prolate 6.8 � 5.8 nm “large” NCs, and 12.8 nm �
4.3 nm CdSe NRs. In each case, the fluorescence
intensity (with 405 nm excitation) decreases with

temperature elevation. At the same time, the fluores-
cence broadens and red-shifts. The positions of the
emission maxima and the full-widths at half-maximum
(fwhm) were determined by fitting each emission
profile to a Gaussian peak. The results for these four
samples are plotted in Figure 2e and f. Similar to earlier
reports,8,25 the emission maximum shifts from the
band gap at 0 K (Egap(0)) in reasonable agreement with
the Varshni relation,26 approximating a linear change
at high temperature:

Egap(T) ¼ Egap(0) � RT2=(βþ T) (1)

Using the values of R = 2.7 � 10�4, the temperature
coefficient, and β = 195 K, approximating the Debye
temperature,8 we find a reasonable fit to the data
collected on dot-in-rod and rod-in-rod samples studied
in this work that is consistent with the literature6�8,25

(Supporting Information Figure S2).
The PL broadening shown in Figure 2f indicates that

the color purity of core/shell NCs decreases at elevated
temperature, but this result is also in relatively good
agreement with the predicted broadening of fluores-
cence that has been found in CdSe/ZnS8 and CdSe/
CdS25 NCs. PL broadening follows a function

Γ(T) ¼ Γinh þΓACT þΓLO(e
ELO=kT � 1)�1 (2)

inwhichΓinh is the intrinsic inhomogeneous linewidth,
ΓAC is the acoustic phonon�exciton coupling coeffi-
cient, ΓLO is the longitudinal optical (LO) phonon�
exciton coupling coefficient, and ELO is the LO phonon
energy. The experimental change in broadening is
plotted for every dot-in-rod and rod-in-rod sample
measured in this study in Figure S2 along with a line
based on the literature (Γinh≈ 40meV; ΓAC≈ 55 μeV/K;
ΓLO ≈ 20 meV; ELO ≈ 30 meV).3,25 The PL properties of

Figure 1. TEM images of (a) CdSeNCs and (b) CdSe/CdS dot-
in-rod heterostructures. (c) Absorption measurements of
both CdSe NCs and a sample of dots-in-rods made by
seeded growth using the same NC sample. (d) X-ray pat-
terns of CdSeNCsoffset versus that of a CdSe/CdSdot-in-rod
sample.
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the samples studied in this work behave similarly to
bulk CdSe and other NCs studied at lower temperature
in terms of both the temperature-dependent band gap
and homogeneous emission broadening.

The temperature-dependent PL intensity is plotted
for several samples in Figure 3, with the values normal-
ized to the initial intensity at 300 K. Figure 3a shows the
integrated intensity data collected from heating the
four NR samples shown in Figure 2. (Cooling data for
the same samples can be found in Supporting Informa-
tion Figure S3.) The samples plotted in Figure 3a show
substantial differences in the quantity of PL quenching
at 600 K. PL quenching of the small core sample is
greater (to ∼1.5% of the original intensity at 600 K)
than those made with the larger cores. The degree of
quenching appears to be directly related to the hetero-
structure core.

More finely controlled structure�property relation-
ships are tested by tuning the shell thickness sepa-
rately in the transverse and longitudinal directions. For
Figure 3b, small CdSe cores were used to synthesize
three samples with very similar length (30 nm) but in
which the shell thickness was varied substantially from
1.1 to 1.5 nm. Increasing shell thickness is correlated
with less blinking27 and higher PL quantum yields. In
these measurements, thicker shells confer enhanced

thermal stability of PL, but this effect is far less sub-
stantial than changes of the heterostructure volume.
For Figure 3c, large CdSe cores were used to synthesize
samples with fixed shell thickness, but the NR lengths
varied between 25 and 78 nm to study the role of
heterostructure volume on the thermal stability of PL.
Similar to the trend apparent in Figure 3a, Figure 3c
highlights the evidence that those CdSe/CdS samples
in which the core comprises a larger volume fraction
of the total heterostructure are more resistant to PL
quenching. Further confirmation of this trend comes
from the synthesis of isotropic CdSe/CdS heterostruc-
tures with a slightly modified procedure using oleic
acid rather than phosphonic acids as the dominant
ligand.28 Among these samples, PL is most strongly
preserved in the sample with the thinnest shell but the
largest CdSe core volume fraction (Supporting Infor-
mation Figure S4). Although core/shell samples en-
hanced thermal stability of PL compared to core-only
samples (Figure S1), within the series of core/shell
samples tested in this study, room-temperature quan-
tum yield is not a good indicator of thermally stable PL
(Supporting Information Figure S5).

In addition to the temperature-dependent data
taken by heating and cooling samples to and from
600 K, we also tested the cycling and medium-term

Figure 2. (a�d) Normalized contour plots of the temperature-dependent emission from CdSe/CdS dot-in-rod heterostruc-
tures with cartoons of the samples overlaid on the plot. Temperature-dependence of the emission energy of maximum
intensity (e) and full-width at half-maximum (fwhm) (f) for the same four samples.

A
RTIC

LE



DIROLL AND MURRAY VOL. 8 ’ NO. 6 ’ 6466–6474 ’ 2014

www.acsnano.org

6469

stability of a CdSe/CdS NR sample at moderate tem-
perature (140 �C, 412 K), comparable to operating
temperatures in light-emitting applications. The NRs
for this experiment were diluted into a matrix of poly-
vinylbutyral to model the conditions of operation as
phosphors. More common acrylic copolymers formed
through radical polymerization were specifically avoided
due to PL quenching from radical initiators.29 This could
be the explanation between the apparent discrepancy of
the temperature cycling results presented here (and
Figure S3) and past work showing poorer reversibility of
PL in CdSe/CdS dot-in-rod samples.4 We tested two
measures of stability: cycling between 310 and 412 K
(five cycles), shown in Figure 4a, and PL intensity under
continuous illumination for 50000 s, shown in Figure 4b.
The sample showed little change in thePL intensity based
on the cycle number, consistent with previous proposals
that PL quenching is thermally activated but reversible.2,4

Continuous illumination showed a stable PL signal at
long times, but the sample showed photobrightening
of∼35% in the first 100 min. Photobrightening in NCs is
well known, and much larger magnitudes have been
reported,30 but higher initial quantum yields may place a
ceiling on photobrightening. Typically attributed to trap
filling, in this case most likely by electrons,31 the photo-
brightening behavior can bemodeled by an exponential
increase following I¥ � A e�t/τ with a time constant τ of
640 s (Supporting Information Figure S6).32

Time-Resolved Photoluminescence of CdSe/CdS Heterostruc-
tures. Figure 5 shows time-resolved PL data collected
from several samples as a function of temperature.
Figure 5a shows the typical relationship of the tem-
perature-dependent lifetime of nanostructures that
has been recorded for II�VI NCs: with increasing
temperature, nonradiative decay trapping processes
dominate over radiative relaxation of excitons and lead

to shorter apparent PL decays.2,4,33 At higher tempera-
tures, CdSe samples (without a shell) exhibited decays
only slightly longer than the instrument response func-
tion (Figure 5a and Figure S1). Rowland and Schaller
have demonstrated that thermally induced hole trap-
ping, as opposed to intrinsic multiphonon exciton
deactivation, explains the decrease in PL and PL life-
time of CdSe and CdSe/ZnS NCs.2 The addition of a CdS
shell leads to substantially different decay behavior for
dot-in-rod and rod-in-rod samples shown in Figure 5b
and c. In Figure 5b, the dot-in-rod sample shows two
trends: slightly increasingdecay time to450K followedby
slightly decreasing decay time. Figure 5c shows the
lifetime of the rod-in-rod structure, which exhibits a
monotonic increase in PL decay time to 600 K.

Increasing lifetime from 25 K to 300 K has been
observed previously in CdSe/CdS NR heterostructures.25

Figure 3. (a) Integrated, normalized PL intensity plotted versus temperature for three samples of dot-in-rod CdSe/CdS NCs
and one rod-in-rod NC. (b, c) Relative PL intensity plotted versus temperature for dot-in-rod samples in which the shell
thickness (b) or the NR length (c) is varied.

Figure 4. (a) PL intensity of a CdSe/CdS rod-in-rod sample
that was heated from 310 K to 412 K in five cycles. (b)
Emission intensity of the rod-in-rod sample measured as a
function of time at 412 K.
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Figure 5d summarizes the underlying electronic struc-
tures of CdSe/CdS heterostructures that explains this
phenomenon. Due to band offset and effective mass
differences, holes are strongly confined in the CdSe
core, but electrons are more freely delocalized into the
CdS shell.25,34�37 The core (hole) and shell (electron)
provide an approximation of the excitonic electron and
hole wave functions, the overlap of which determines
the radiative rate. Due to its greater delocalization,
electron capture in the core limits the radiative rate.
Thus, samples in which the core material constitutes a
larger volume fraction of the total heterostructure
show shorter PL lifetimes, although the absolute value
may also be altered by such factors as the different
band offsets of different core materials, sample history,
and the ligand shell (Figure S7). Raino et al. found that
different temperature-dependent changes in the
conduction and valence band energies of CdSe and
CdS are responsible for greater electron delocalization
at elevated temperatures. As the temperature in-
creases, the conduction band offset of CdSe and CdS
decreases slightly, leading tomore electron delocaliza-
tion, smaller electron�hole overlap, and longer radia-
tive lifetimes.25 Figure 5d models the conduction band
change with temperature: at higher temperature, the
conduction band offset between the CdSe and CdS
decreases, allowing the electron to delocalize more
freely, thereby decreasing electron�hole overlap and
increasing the radiative lifetime.

Unlike previous temperature-dependent studies up
to 300 K,25 PL of the samples studied in this work
decreased at higher temperature. The effects of in-
creasing radiative decay time due to changes in the
band offset are convolutedwith nonradiative decay. To
explain PL quenching, earlier publications have used the
concept of thermally generated trap states.2,4 Intrinsic
multiphonon exciton deactivation is unlikely given the
large band gap of the CdSe/CdS structures, and this
mechanism should yield similar results in all samples. The
high reversibility of PL intensity (Figures 4a, S3, and S4)
suggests that trap states are also formed and un-
formed reversibly with temperature. We cannot define
from our measurements the chemical nature of such
trap states, but trapping at the strained epitaxial inter-
face or the surface of the NR are likely candidates that
are also consistent with thermal reversibility. The ex-
periments presented in this work cannot distinguish
between electron or hole trapping in an unambiguous
manner. Although hole trapping has been identified
in similar CdSe/CdS heterostructures,38 evidence from
transient absorption spectroscopy,35,36,39 terahertz
spectroscopy,34 photoluminescence spectroscopy,25,40

single NR spectroscopy,37 cross-polarized grating
spectroscopy,41multiexciton studies,42 and Stark effect
measurements43 suggest that electron trapping is the
more likely mechanism of temperature-dependent
quenching, due to greater carrier delocalization to
potential defect sites. The volume dependence of the

Figure 5. (a�c) Contour plots of time-resolved PL intensity versus temperature for samples of CdSeNRs (a), CdSe/CdS dots-in-
rods (b), and CdSe/CdS rods-in-rods (c). (d) Cartoon of the band-edge energy states of CdSe/CdS dot-in-rod samples showing
the change in the conduction band offset and increased delocalization of the electron at elevated temperatures, symbolized
by theblue and red curves. (e) Plot of the PL lifetimes for fourCdSe/CdSNR samplesmadeby seededgrowthnormalized to the
lifetime at 300 K.
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thermal stability of PL is a result of competition be-
tween thermally induced electron traps and radiative
exciton recombination. For samples with a larger core
volume fraction, exciton capture in the CdSe core is
faster, evidenced by shorter PL lifetimes (Supporting
Information Figure S7). Rapid radiative decay is more
competitive with nonradiative processes that have
increasing prominence at high temperature. Arrhenius
plots of the nonradiative rate (Supporting Information
Figure S8), estimated from QY = krad/(knon‑rad þ krad),
suggest a similar trap depth across the samples
(∼150�250 meV), bearing no clear relationship with
the particle structures. This evidence suggests a com-
mon mechanism of carrier trapping across the sam-
ples, which is also similar to earlier reports.2

Figure 5e shows the results of these competing
pathways for a series of dot-in-rod and one rod-in-rod
sample. For consistency with the previous literature40

and to avoid the ambiguity of multiexponential
fitting,44 we use empirical lifetimes defined as the time
to decay to I0/3e

3. In Figure 5e, we normalized the
lifetime for each sample based on the lifetime taken at
300 K, in the solid state. Consistent with the steady-
state PL data, the time-resolved PL shows different
temperatures at which the decay time of dot-in-rod
samples begins decreasing due to thermally induced
nonradiative decay pathways. Each of the samples
shows a region of increasing PL lifetime, but the peak
PL decay temperature depends on the core volume
fraction of the heterostructure. Starting with the same
core material and growing increasingly longer NR
shells, the largest CdSe/CdS dot-in-rod sample, with
the smallest core volume fraction (3.5%), has a peak
lifetime at 425 K; the second largest (4.9%) NR peaks at
450 K, and the smallest NR sample (10.8%) peaks at 500
K. The rod-in-rod heterostructure, in which the core NR
comprises a much larger volume fraction of the total
(16.3%), showed no maximum in the lifetime up to
600 K, as apparent in Figure 5c. Samples with longer
radiative lifetimes at room temperature were ultimately
less competitive with nonradiative relaxation and thus
quenched more effectively at elevated temperature.

Earlier reports have suggested that the thermal
decomposition of the ligand molecules on the particle
surface dictates the stability of the NC PL at high
temperatures.1 We found that the oleic acid capped
CdSe/CdS NCs that were alsomade by high-temperature
seeded growth28 performed similarly to phosphonate-
cappedNRheterostructures (Figure S4), indicating that at
least among organic ligands the PL behavior is not
affected by the ligand on the particles. However, we did
not test an inorganic ligand, and we did not heat the
samples above 600 K, situations in which it is possible
that conclusions could be different. In one critical
difference between the organic ligands, we found that
oleate-capped core/shell NCs could not be redispersed
after heating (insoluble or sparingly soluble in hexanes),

evidence of ligand decomposition or reaction, whereas
those with phosphonate ligands were readily soluble in
hexanes after heating. This result likely reproduces the
findings of an earlier report in which decomposition of
carboxylate ligands is described as a possible cause of
quenching. But we find no unambiguous evidence
within our samples for distinctive temperature-depen-
dent PL behavior in carboxylate- or phosphonate-
capped NCs. We also note that the emission color of
both sets of samples returned to the same energy
(Figure S9), suggesting that no gross irreversible
changes in the particle structure occurred.

Role of Nanocrystal Synthesis in the Thermal Stability of
Photoluminescence. Different synthetic methods for pre-
paring dot-in-rod and rod-in-rod NCs, which yield, to a
first approximation, similar products, are clearly distin-
guished in temperature-dependent PL measurements.
Early syntheses of monodisperse core/shell II�VI NCs
frequently employed highly reactive metal chalcogen-
ide precursors at lower concentration and lower tem-
perature (e.g., 120�200 �C) than the synthesis of the
core particles.45�50 Separately, seeded growth in CdSe/
CdS heterostructures, in which NC seeds are injected at
high temperature (>300 �C) into a reaction pot with
low-reactivity precursors, has proven to be an effective
method for synthesizing isotropic28 and anisotropic21�23

CdSe/CdS heterostructures. Both methods produce NCs
with high room-temperature PL quantum yields and
excellent color purity. We aimed as part of this work to
test the relationship of synthetic conditions on the PL
properties of samples under thermal stress.

The results already presented in this paper demon-
strate the thermal PL properties from samples grown
using seeded growth techniques. To provide samples
for comparisonwith the samples of dot-in-rod and rod-
in-rod samples shown above, we synthesized analo-
gous heterostructures using dimethylcadmium and
bis(TMS)sulfide as the Cd and S precursors in a coordinat-
ing mixture of hexadecylamine and trioctylphosphine
oxide at 160�190 �C following literature protocols.48�50

After precursor injection finished, the samples were an-
nealed in solution at 100 �C for 2 h. Emission from the
samples was quenched substantially more at elevated
temperature than the samples synthesized by seeded
growth, as shown in Figure 6a. Unlike the samples pre-
pared by seeded growth, the CdSe/CdS dot-in-rod and
rod-in-rod samples' lifetime data show a pattern similar to
theproperties of CdSe core-only samples,withdecay time
decreasing with higher temperature (Figure 6b and c).

Recent work on exceptionally bright core/shell
quantum dots has suggested that formation of core/
shell NCs at high temperature using low-reactivity
precursors is instrumental in suppressing blinking
and boosting quantum yields to near unity efficiency.51

We speculate that high-temperature synthesis is in-
strumental in relaxing the NC structure and annealing
samples to remove defect sites that could serve as
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centers of nonradiative recombination. To extend this
test, the best-performing rod-in-rod sample in this
study was further overcoated at 190 �C with an alloyed
CdZnS shell using literature procedures.49 The thermal
stability of emission of the samples is compared in
Figure 6d. The CdSe/CdS/CdZnS double-shell NRs re-
tained only a small fraction of their original PL intensity,
more than a factor of 10 less than the CdSe/CdS rod-in-
rod sample. The growth of an additional alloyed CdZnS
shell at lower temperature substantially decreased ther-
mal stability. The effective thermal annealing of samples
in high-temperature syntheses ensures the formationof a
shell with less susceptibility to thermal quenching, but
the formation of a new shell introduces thermally sus-
ceptiblematerial. Figure 6e shows that the lifetimesof the
two samples diverge above 400 K, suggesting that
defects in the CdZnS shell are the primary mechanism
of quenching in the CdSe/CdS/CdZnS sample. Reversi-
bility data showing irreversible loss of PL (Supporting
InformationFigure S10) show that thequenchingprocess
is likely due to permanent trap formation.

Temperature-Dependent Aniosotropy of CdSe/CdS Nanorods.
Among the advantages of dot-in-rod or rod-in-rod
samples for photonic applications is their high optical
anisotropy, in the polarization of both emission and
absorption.23,52 Coupled to a programmable assembly,
optical anisotropy offers a possibility of enhancing
capture of emitted light through polarization-sensitive
reflectance. Accurate measurement of optical anisotropy
(R), which is defined by the ratio of intensities in eq 3,44

R ¼ I ) � I^
I ) þ 2I^

(3)

requires precise knowledge of the sample alignment.
Solutions are the most reproducible way to generate
isotropic alignments, and this strategy is used here,
although the use of a commercial heating block limits
this study to a maximum of 100 �C. Figure 7 shows the

temperature-dependent anisotropy (R) and fluorescence
intensity for solutions of rod-in-rod and dot-in-rod sam-
ples dissolved in n-decane. Capped cuvettes and a high-
boiling solvent were used to limit solvent evaporation at
higher temperature and maintain a fixed concentration
of NCs. Although the PL in solution drops, in a similar
manner to the data collected in the solid state, the optical
anisotropy of both samples remains fixed. This indicates
that the electronic transitions responsible for absorption
and emission remain the same despite the loss of PL.
Temperature-dependent changes in the solvent viscosity
of about 50%53might be expected to reduce the value of
R through rotational depolarization,44 but this effect is
small. For NRs of this size, rotational depolarization occurs
on the microsecond time scale54 and photon emission
occurswithnanosecond lifetimes,making theorientation
of the emitting population nearly identical to that of the
absorbing population.

CONCLUSIONS

The thermal stability of PL from CdSe/CdS nano-
heterostructures has been studied as a function of

Figure 6. (a) Relative PL intensity of dot-in-rod and rod-in-rod NCs synthesized at low temperatures. The data are normalized
to the intensity of the samples at 300 K. Time-resolved PL versus temperature contour plots for the same dot-in-rod (b) and
rod-in-rod (c) samples analyzed in (a). Representative cartoons are inset. (d) Comparison of the preservation of PL in a sample
of CdSe/CdS rods-in-rods as synthesized (black squares) and after additional shell growthwithCdZnS at 190 �C (red circles). (e)
Lifetime data collected as a function of temperature for the same samples in (d).

Figure 7. (a) Optical anisotropy (R) of CdSe/CdS rod-in-rod
(black squares) and dot-in-rod (red circles) samples excited
at 405 nm plotted versus temperature. (b) Integrated PL
intensity of the same rod-in-rod (black squares) and dot-
in-rod (red circles) samples plotted versus temperature.
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synthetically controllable dimensional and structural
parameters using both steady-state and time-resolved
spectroscopy. We have shown that the temperature-
dependent behavior of samples prepared by seeded
growth is similar to bulk CdSe, but that PL quenching is
strongly determined by the core/shell volume ratio
and the method of synthesis. Temperature-dependent
time-resolved PL shows clear differences in the thermal
behavior of samples consistent with the degree of

preserved PL. We have also examined the influence
of synthetic methods, specifically the preparation of
the core/shell heterostructure, and found that the
method for preparing the heteroepitaxial shell is very
significant for determining thermal stability within the
CdSe/CdS structures analyzed. Lastly, we performed
temperature-dependent measurements of anisotropy
and found that the samples show optical anisotropy that
is temperature independent over the range measured.

EXPERIMENTAL METHODS
Syntheses and Structural Characterization. Synthesis of CdSe NCs,22

CdSe/CdS dot-in-rod,22,48 rod-in-rod,23,49,50 and sphere-in-sphere28

samples followed literature procedures. Transmission electron
microscopy was performed using a JEOL 2100 microscope oper-
ated at 200 keV. X-ray diffraction measurements were performed
on solutions in capillaries using a Rigaku Smartlab diffractometer.

Optical Spectroscopy. Routine solution-phase absorption and
emission spectra were performed using a Cary 5000 UV�vis�NIR
spectrometer and a Jobin-Yvonne Fluorolog-3 fluorimeter, respec-
tively. For time-resolved PL data, a PicoQuant 405 nm diode was
used at 1 MHz. Characterization of temperature-dependent PL
was performed in an evacuated cell equipped with transparent
windows (MMR R2300) with the heating stage controlled via an
MMRK20 temperature controller. Sampleswere heated at 6 K/min
andequilibrated5min formeasurements. Temperature-dependent
measurements in solution were performed using a Varian Eclipse
fluorimeter equippedwitha temperature-controlled sampleholder.
Hand-aligned polarizers were used for polarization-dependent
measurements. Alignmentwas performedwith a scattering sample
(dried milk dispersed in water).
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