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S
emiconductor quantum well (QW)
structure is fundamentally interesting
due primarily to quantum confined car-

riers, facilitated charge transport, prolonged
lifetime of fluorescence, and decelerated
electron cooling, lending the potential for
their integration in nanophotonics and
nanoelectronics.1�6 In principle, high-quality
QWstructures canbeproducedbymolecular
beam epitaxy and metal organic chemical
vapor deposition on planar substrates,
but the methods are costly and instrument
intensive and, more importantly, are intract-
able to nanoscale manipulation and integra-
tion inminiature devices on a large scale.7�16

In recent years, cheap and facile solution
processes have been developed for fabricat-
ing soft and flexible size-confined 2D entities
such as nanoplates and nanoribbons via

strongly anisotropic growth, opening the
way for solution-processable QWs on the
nanoscale.17�23 However, the scrolling and
crumpling tendency of large-sized soft and
colloidal QWs limits their cutting-edge
applications.24

On the other hand, nanorods and nano-
wires have been widely used in miniature
electronics, even for biosensing and endo-
scopy, because their one-dimensional (1D)
morphology and structural robustness per-
mit easy mechanical manipulation, assem-
bly, and integration.25�36 Such anisotropic
nanostructures, when integrated with the
QW genre, could underlie a wide range
of applications that leverage their unique
photonic, spintronic, and optomechanic
properties. Therefore, by accreting a QW
structure on a 1D supporting structure such
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ABSTRACT Planar substrate supported semiconductor quantum well (QW) structures are not

amenable to manipulation in miniature devices, while free-standing QW nanostructures, e.g.,

ultrathin nanosheets and nanoribbons, suffer from mechanical and environmental instability.

Therefore, it is tempting to fashion high-quality QW structures on anisotropic and mechanically

robust supporting nanostructures such as nanowires and nanoplates. Herein, we report a solution

quasi-heteroepitaxial route for growing a barrier-confined quasi-QW structure (ZnSe/CdSe/ZnSe) on

the supporting arms of ZnO nanotetrapods, which have a 1D nanowire structure, through the

combination of ion exchange and successive deposition assembly. This resulted in highly crystalline

and highly oriented quasi-QWs along the whole axial direction of the arms of the nanotetrapod

because a transition buffer layer (ZnxCd1�xSe) was formed and in turn reduced the lattice mismatch and surface defects. Significantly, such a barrier-

confined QW emits excitonic light∼17 times stronger than the heterojunction (HJ)-type structure (ZnSe/CdSe, HJ) at the single-particle level. Time-resolved

photoluminescence from ensemble QWs exhibits a lifetime of 10 ns, contrasting sharply with ∼300 ps for the control HJ sample. Single-particle PL and

Raman spectra suggest that the barrier layer of QW has completely removed the surface trap states on the HJ and restored or upgraded the photoelectric

properties of the semiconductor layer. Therefore, this deliberate heteroepitaxial growth protocol on the supporting nanotetrapod has realized a several

micrometer long QW structure with high mechanical robustness and high photoelectric quality. We envision that such QWs integrated on 1D nanostructures

will largely improve the performance of solar cells and bioprobes, among others.
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as nanowires will not only make headway in nanoscale
fabrication but also add novel and often critical proper-
ties to photonic and photovoltaic devices.
Recently, by using a low-temperature (40�50 �C)

aqueous solution approach, we developed a quasi-QW
structure on ZnO nanotetrapods, which served as the
mechanical support as well as the nanoscale substrate
of heteroepitaxial growth. The use of such a novel
QW structure in semiconductor-sensitized solar cells
has allowed us to achieve a record efficiency.37 In that
study, however, we failed to detect photolumines-
cence (PL) from the active sensitizer material, e.g.,
CdSe, which prevented us from probing deeper into
the photoinduced charge separation, charge transport,
and recombination processes. Most probably, the ab-
sence of PL from CdSe was a result of the aqueous
synthesis at a relatively low temperature, which could
give rise to low crystallinity and numerous defects.
Therefore, a higher temperature synthesis could solve
this problem and couldmore dramatically enhance the
solar cell efficiency.
In the present work, we demonstrate an organic

solution based successive deposition approach at
much higher temperatures for quasi-heteroepitaxial
growth of a barrier-confined 2D quantum structure
(ZnSe/CdSe/ZnSe) on a 1D supporting nanotetrapod. A
key step is to introduce a transition layer (ZnxCd1�xSe)
with a graded composition at the interface to reduce
lattice mismatch between ZnSe and CdSe, which
yielded quasi-QWs with single crystallinity in local
areas and highly aligned along the entire arms of the
ZnO tetrapods. Significantly, strong PL of CdSe from
the QWs could be observed even with the naked eye.
More precisely, we found that typical ZnSe/CdSe/
ZnSe sandwiched QWs on ZnO nanotetrapod arms
(ZnO/QW) exhibit excitonic PL ∼17 times stronger
than the ZnSe/CdSe heterojunction (HJ) counterpart
at the single-particle level. When formed into a film,
the former still shows more than 10 times stronger PL
than the latter. Time-resolved photoluminescence
from ensemble QWs exhibits a lifetime of up to 10 ns,
contrasting sharply with ∼300 ps for the control HJ
sample. Such a dramatic PL enhancement can be
attributed to the removal of the surface trap states of
CdSe by the ZnSe layer, which is supported by our
single-particle PL and Raman studies. Therefore, the
deliberate heteroepitaxial growth on the supporting
nanotetrapod has achieved ultralong length, high
mechanical robustness, and high quality of the QW
structure, bringing potential applications in solar cell
and bioprobe devices.

RESULTS AND DISCUSSION

The vapor-phase synthesis of ZnO tetrapods has
been reported previously,38 which are morphologically
similar to themetal chalcogenide tetrapods synthesized
in solution growing out from similar thermodynamic

and kinetic control.39�41 In general, the as-prepared
ZnO tetrapods we synthesized (see Figure S1 (left)
and Figure S2) display a smooth backbone surface,
which is typically matte after QW assembly thereon
(see Figure S1 (right)).
Figure 1 establishes the formation of the ZnSe/CdSe/

ZnSe QW structure on ZnO tetrapods by ion exchange
and subsequent successive injection of precursors.
Shown in Figure 1A is the synthesis procedure of the
QW structure, while Figure 1B presents the resultant
structures after each step. Since the oxygen atoms on
the ZnO surface could be facilely replacedby thehighly
active Se in octadecene (ODE) solution (Se-ODE) at
high temperatures, the ion exchange in step I yielded a
stable ZnSe shell about 5 nm thick, forming a core/shell
tetrapod with a ZnSexO1�x transition interface (labeled
as ZnO/ZnSe). Actually, compared to the previously
reported aqueous approach,37 the replacement rate
(2�3 nm/h) in the organic solution is lower, judging
from the delayed appearance of the yellowish color
of ZnSe, thereby resulting in a more close-fitting shell.
From the corresponding TEM images, one can observe
that the smooth surface of the ZnO tetrapod (see
Figure 1(B1)) becamesmatte after the surface selenyla-
tion (Figure 1(B2)). Lattice fringe changes can be dis-
tinguished from the HRTEM images in Figure 1(C1) and
(C2). Figure 1(C1) displays continuous and complete
ZnO (0001) facets from the core to the lateral surface of
a nanorod, whereas Figure 1(C2) features a transition
region from the ZnO lattice to the ZnSe lattice, which
is roughly separated by a dashed white line to guide
the eye. After transferring the ZnO/ZnSe powder to a
25 mL ODE solution, reactive precursors were succes-
sively injected. Different from the previous successive
deposition approaches,42�47 our synthetic route was
intended to minimize the use of ligand surfactants and
thus the etching of the host ZnO tetrapod, keeping the
ZnO/QW mechanically stable. In step II, the CdSe shell
growth was continued through the successive injec-
tion of 0.5mL of Cd-OAprecursor and 0.5mL of Se-ODE
precursor for four cycles (the sample is labeled as ZnO/
HJ and shown in Figure 1(A3)), each cycle yielding a ca.
2�2.5 nm thick shell (see the TEM image in Figure 2).
After completing this step, a thicker shell of CdSe was
deposited at the outmost surface, forming peninsula-
like features induced by surface strain (see Figure 1(B3
and C3)). In step III, through successive injection
of 0.5 mL of Zn-OA precursor and 0.5 mL of Se-ODE
precursor for four cycles, the outermost ZnSe shell was
formed (shortened as ZnO/QW and schematized in
Figure 1(A4)). Figure 1(B4) gives TEM images of the
ZnO/QW structure, while Figure 1(C4) depicts the final
structure around the interface between QW and ZnO.
In order to more clearly elucidate the structures of

the HJ and QW, the ZnO cores were removed with
acetic acid, leaving behind only the HJ and QW nano-
tubes for easy observation. Figure 2A�D display an HJ
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nanotube tetrapod viewed from the top structures
through one of the four nanotubes and a close-up of
a tubular arm, the shell of the arm, to the bottom lattice

fringes of the tube shell. In general, the HJ is highly
crystalline at least on a small scale. However, we notice
that the outer surface of the HJ tube is coarse as a

Figure 2. Detailed views of theHJ andQWafter removal of ZnO in ZnO/HJ andZnO/QW: (A) TEM imageof anHJ tetrapod tube;
(B) TEM image of one of the HJ tetrapod arms; (C) close-up of the region enclosed by the dashed-line rectangle in (B); (D)
HRTEM image of the HJ tube shell (inset is the corresponding FFT pattern); (E) TEM image of one of the arm tubes of a QW
tetrapod tube (the framedarea is separately shown in (F), (G), and (H) in an enlarged view); (F) zoom-inHRTEM imageof the “F”
spot in the QW arm tube shell indicated in (E); (G) zoom-in HRTEM image of the “G” spot in the QW arm tube shell indicated in
(E) and the corresponding FFT pattern (inset); (H) zoom-in HRTEM image of the “G” spot in the QW arm tube shell indicated in
(E) and the corresponding FFT pattern (inset).

Figure 1. Organic solution processed heteroepitaxy on ZnO tetrapods. (A) Schematic illustration of solution process steps; (B)
TEM images of the nanostructures formed from each step; (C) HRTEM images of the nanostructures formed from each step.
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whole, which can be explained by the lattice mismatch
(7.4%) induced by the step of sequential deposition of
CdSe onto ZnO/ZnSe. Figure 2E�H show fine details of
a final QW nanotube structure. The distinct, straight
lattice fringes in Figure 2F, G, H and the corresponding
FFT patterns in the insets suggest that the shell is
highly crystalline or single crystalline within a local
area, and overall, it is highly oriented as well. This is a
desirable feature for optimizing the 2D QW electronic
structure. Through comparison, one can observe that
the matte surface of the HJ tubes is rectified and
becomes smooth after the final deposition of ZnSe,
suggesting void filling by ZnSe coating and alloying
with CdSe, which greatly relieve the lattice mismatch
strain and thus yield the highly aligned QW structure.
To clarify the lattice rectification process from the HJ

to the QW, we closely examined the successive deposi-
tion process by EDX line scan. A control sample with
only two cycles of final ZnSe coating was also tested,

and its TEM images are shown in Figures S3�7
(denoted as ZnSe/CdSe/ZnSe(2 cycles)). For ZnO/HJ,
from Figure 3(A1), we can see that the HJ structure is
clearly made of the inner ZnSe-rich shell and the outer
CdSe-rich shell, with a composition graded layer be-
tween them resulting from the Kirkendall effect,48

which is schematically illustrated as a color transition
from yellow to red in Figure Figure 3(A2). After two
cycles of ZnSe coating, one can find that the shell is not
the well-defined ZnSe-rich shell around the outermost
surface as expected (see Figure 3(B1, 2)), but rather an
alloy of ZnxCd1�xSe as schematized in Figure 3(B2), con-
forming to the elemental distribution in Figure 3(B1).
This hints at an ion exchange and alloying step in the
successive deposition process, which results in a ra-
dially composition graded region. In other words, the
first two cycles did not really yield a much thicker shell
(only 1�2 nm thick) but instead transformed as thick as
about 5 nm of the outermost CdSe to the composition

Figure 3. EDS line scan profiles of the sensitizer structure: (A1, 2) STEM image (inset) and EDS line-scan analysis of a ZnO/HJ
(ZnSe/CdSe/ZnSe(0 cycle)) and cross-sectional illustration of aHJ tube; (B1, 2) STEM image (inset) and EDS line-scan analysis of
a transition structure fromZnO/HJ toward ZnO/QW (ZnSe/CdSe/ZnSe(2 cycles)) and cross-sectional illustration of an evolving
tube highlighting the transition structure from ZnO/HJ to ZnO/QW; (C1, 2) STEM image (inset) and EDS line-scan analysis of a
final complete QWnanotube (ZnSe/CdSe/ZnSe(4 cycles)) and cross-sectional illustration of a QW tube. Blue dashed lines are a
guide to the eye to distinguish the domains of CdSe and ZnSe: red and yellow squares denote CdSe and ZnSe, respectively.
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graded layer (see arrows in Figure 3B and C). It turns out
that the alloying step actually forms a transition region
between the CdSe-rich shell and the ensuing ZnSe-rich
shell and helps to rectify the bottom lattice and the
top morphology,40,41 thereby yielding the high-quality
QW structure. Indeed, after another two cycles of ZnSe
coating (denoted as ZnSe/CdSe/ZnSe(4 cycles)), an
outermost ZnSe-rich shell (about 2.5 nm/cycle) is finally
added, as can be seen from Figure 3(C1), which sand-
wiches the CdSe QW together with the inner ZnSe shell
(see Figure 3(C2)).
In view of its potential appealing photoelectric

properties, such a barrier-confined QW structure was
subjected to PL studies. First, we comparatively mea-
sured the PL of the two filmsmade of ZnO/HJ and ZnO/
QW at room temperature and low temperature. After
400 nm laser excitation, we could observe the emitted
red light from ZnO/QW through the naked eye, but
no emitted colored light was observed from ZnO/HJ
(see inset). Figure 4 shows the PL spectra at room
temperature (A) and at 17 K (B). First, one can observe
that the PL peak at 17 K is much narrower than that
of room temperature (fwhm ∼130 meV vs 180 meV),
which can be attributed to the suppression of phonon
oscillation and Auger recombination at the low temp-
erature.49 Second, ZnO/QWdisplays distinctly stronger
PL (by more than an order of magnitude) than ZnO/HJ.
Finally, the PL from ZnO/QW is red-shifted from that
of ZnO/HJ, and this is probably due to the size increase
and void filling during the coating of the final ZnSe

shell. As to the much more intense PL of ZnO/QW,
the localized exciton effect may be the explanation.
In such a barrier-confined ZnO/QW structure, both
electrons and holes stemming from photoexcitation
are presumably confined in the smooth potential
well because of the graded composition interfaces.
Figure 4C (left) schematically illustrates such confine-
ment arising from the exciton scattering and confine-
ment, which is similar to the behavior of excitons in
core/shell nanostructures.50 On the contrary, the HJ
structure is riddled with surface states of CdSe, which
could act as trap centers for dissociating excitons
and thereby quenching the PL as we observed (see
Figure 4C, right).51 In order to manifest the band
structure of QW, the energy band gap profiles have
been approximately deduced based on Figure 3C with
a bowling factor of 0.67 and are shown in Figure 4D
(see the SI).37,52,53 The potential well revealed in
Figure 4D supports the presumed barrier confinement
in the QW structure.
More carrier dynamic information was obtained

from the TRPL measurements on the two structures.
Figure 5A and B display the TRPL mapping images
across the visible wavelength range taken by the streak
camera. Several features are noteworthy. First, ZnO/
QW exhibits 17 times stronger PL and a much sharper
emission band than ZnO/HJ, which is consistent with
the steady-state PL results described above and the
single-particle PL spectra in Figure 5D. Second, more
importantly, the PL decay trace of ZnO/QW displays a

Figure 4. Steady-state PL spectra of ZnO/HJ and ZnO/QW. (A) Room-temperature PL spectra (left inset: photoimage of ZnO/
QW under 400 nm excitation; right inset: photoimage of ZnO/HJ under 400 nm excitation; (B) 17 K PL spectra; (C) schematic
illustration of exciton scattering and confinement in QW (left) and exciton trapping to surface traps in HJ (right); (D) band gap
profile of the QW structure in Figure 3C obtained from the nonlinear bowling equation (see SI).
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much longer and narrower comet-like tail extending
to as long as several nanoseconds, whereas that of
ZnO/HJ drops quickly, yielding amuch shorter lifetime.
Figure 5C directly compares the decay traces of ZnO/
QW and ZnO/HJ. In general, the excited ZnO/QW dis-
plays a typical triexponential decay with time, whereas
the decay trace of ZnO/HJ shows a biexponential form.
We have quantitatively extracted the decay lifetimes,
which are listed in Table 1. Remarkably, the extraction
lifetimes are as long as 10675.4, 824.7, and 120.9 ps for
the three decay components of the ZnO/QW film but
only 332.5 and 48.9 ps for the two decay components
of the ZnO/HJ film. The much longer lifetime of
ZnO/QW can be attributed to the much fewer surface
traps, which act as charge acceptors that dissociate
excitons and therefore reduce the photoluminescence
of ZnO/HJ.51 The different decay components arise
from the dynamic processes of excitons and carriers
in the system.54�56 From the differences of the struc-
ture and band gap profile between ZnO/QW and
ZnO/HJ described above, the three decay components
of the ZnO/QW in the order of short to long lifetimes
are probably ascribable to charge transfer along the
axial direction, charge transfer to surface traps, and
band-edge recombination, while for the two decay
components of the ZnO/HJ film, only charge transfer

to surface traps and band-edge recombination are
retained. Charge transfer can shorten the lifetime since
it directly dissociates excitons and quenches the PL.51

The charge transfer along the axial direction is acti-
vated in ZnO/QW because of the piping effect in the
barrier-confined QW and the elastic scattering at the
well boundaries, accounting for the fastest quenching
component.37 For charge transfer to surface traps, the
pre-exponential fraction decreases from 98.9% for
ZnO/HJ to 23.4% for ZnO/QW, which can be attributed
to the reduction of the surface trap states by seam-
lessly sandwiching the CdSe layer with two ZnSe layers.
The charge transfer to surface traps will be further
investigated below by single-particle PL and Raman
spectroscopy. Finally, the prolonged lifetime of band-
edge recombination in ZnO/QW compared to ZnO/HJ
can be attributed to the crystalline quality improve-
ment after the rectification step of lattice mismatch,
as well as the barrier confinement, which we have
described in detail above.
The PL spectra of ZnO/QW and ZnO/HJ have also

been studied at the single-particle level, in which the
ensemble averaging effects were excluded. In this
experiment, the laser beam was focused onto a 1 μm
spot at different locations of the nanorod, which is
actually an arm of a tetrapod (see Figure 6(A1) and
(B1)). Figure 6(A2) and (B2) display the PL spectra of the
single nanorod. One can observe that the PL peaks
have different fwhm distributions between ZnO/QW
and ZnO/HJ. In detail, however, the PL peaks of ZnO/
QW have similar and as narrow as about 85 meV fwhm
at different locations of the nanorod, whereas those of
ZnO/HJ have dispersive and as broad as >140meV fwhm,

Figure 5. Time-resolved PL spectra and single-particle PL spectra of ZnO/HJ and ZnO/QW. (A) TRPL mapping image of ZnO/
QW; (B) TRPLmapping image of ZnO/HJ; (C) PL decay traces of ZnO/QWand ZnO/HJ; (D) single-particle PL spectra of ZnO/QW
and ZnO/HJ.

TABLE 1. TRPL Decay Times Obtained from the Fitting of

the TRPL Data for the ZnO/HJ and ZnO/QW Samples

sample τ1 (ps) A1% τ2 (ps) A2% τ3 (ps) A3%

ZnO/HJ 332.4 1.1% 48.9 98.9%
ZnO/QW 10675.4 8.0% 824.7 23.4% 121.0 68.6%
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manifesting the much smaller size dispersity of the
former than the latter after the surface rectification.
Besides, as shown in Figure 6(B2), the defect PL peak on
the red side of the major PL peak can be observed at
∼1.6 eV for ZnO/HJ (framed in the dashed rectangle),
which can be attributed to the surface defects of HJ.
However, such a defect peak is absent for ZnO/QW,
suggesting that these energy states of surface defects
have been completely removed by the barrier confine-
ment through the final ZnSe coating. Figure 6(A3) and
(B3) present the corresponding Raman spectra for the

two structures. For both samples, CdSe can be identi-
fied by the distinct peak at 204 cm�1 arising from its
first-order longitudinal optical phononmode (LO-CdSe),
suggesting the existence of CdSe in the structures.57,58

In spite of the similar spectral positions, distinctively,
the Raman peak of ZnO/HJ is much wider than that of
ZnO/QW, indicating that ZnO/HJ has a higher andmore
dispersive density of states than ZnO/QW due to the
surface defects, yielding much more electron transition
paths after excitation. This feature, together with the PL
spectra, shores up the presumption that sandwiching

Figure 6. Single-nanorod spectroscopy of ZnO/QW and ZnO/HJ. (A1, 2, 3) SEM image and PL and Raman spectra at different
spots of the single ZnO/QW nanorod (of a tetrapod); (B1, 2, 3) SEM image and PL and Raman spectra at different points of the
single ZnO/HJ nanorod (of a tetrapod); (C1, 2) schematic illustrating the ZnSe filling of surface trenches on the CdSe layer (left)
and the spectral changes due to trap state clearance (right) in the QW. Scale bar: 5 μm.
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the CdSe layer with ZnSe shells (QW) is an efficient
strategy to ameliorate the PL properties of CdSe in the
2D structure because of the clearance of surface trap
states. Figure 6(C1) schematically illustrates the struc-
ture of the barrier-confined QW, in which ZnSe is
epitaxially grown on the surface of CdSe with a layer
of graded compositions. It is through such a passivation
step with ZnSe that the surface trap states of the CdSe
layer are totally removed (Figure 6(C2)), yielding
the high-quality quasi-QW structure. Such a nanowire-
supported QW structure, due to the aforementioned
long-lived fluorescence imparted, can be probably
employed as bioprobes.

CONCLUSION

We have demonstrated an organic solution process
to produce a quasi-QW structure (ZnSe/CdSe/ZnSe)

on ZnO nanotetrapods and examined the detailed
spectroscopic properties of the resulting QW structure
with TRPL. This solution process can ensure hetero-
epitaxy to achieve single crystallinity at local areas
and high orientation on the whole nanorod by making
a composition-graded transition layer. Single nanorod
PL reveals that our quasi-QW has as narrow as 85 meV
fwhm and 17 times higher PL intensity than ZnO/HJ at
the single-nanorod level. The TRPL study shows that
ZnO/QW has a much longer lifetime than ZnO/HJ.
This synthesis strategy will provide building blocks of
QW accreted on nanowires, thereby integrating the
advantageous properties of the QW and the support-
ing 1D structure. More generally, the incorporation of
2D geometry on a 1Dnanowirewill bring novel proper-
ties desirable for the new generation of bioprobes and
photovoltaics.

EXPERIMETAL SECTION
Synthesis of ZnO Tetrapods. ZnO tetrapods were synthesized by

themetal vapor transport and oxidation technique we reported
previously.38 Typically, 1 g of Zn strandanda flowof 50/200O2/N2

at standard cubic centimeters per minute (50 sccm/200 sccm)
wereused in eachbatchof synthesis, yieldingZnOnanotetrapods
with arms of 50�200 nm in diameter and 400 nm to dozens of
micrometers in length.

Quasi-heteroepitaxy of QWs on ZnO Tetrapods. The quasi-QWs of
ZnSe/CdSe/ZnSe were prepared by successively injecting pre-
cursors. First, an appropriate amount (0.1 g) of ZnO tetrapods
was placed in a Se-ODE solution (2.0 mg in 50 mL of ODE),
which was prepared beforehand by heating Se powder in ODE
to above 250 �C under N2 purging for 2 h, to form 2�5 nm ZnSe
shells. The resulting ZnO/ZnSe core/shell tetrapod powder was
rinsed with hexane three times and transferred to a 25 mL ODE
solution in a 100 mL flask. After heating to 250 �C under N2

purging, the preprepared 0.5mL Cd-OA inODE solution (0.04M,
0.308 g of CdO was dissolved in 58 mL of ODE þ 2 mL of oleic
acid (OA) at 280 �C and then was cooled for injection) and
0.5 mL Se-ODE solution (0.04 M, no OA employed) were
successively injected every 10 min for four cycles. Similarly, for
coating ZnSe under N2 purging, the preprepared 0.5 mL Zn-OA
in ODE solution (0.04 M, 0.204 g was dissolved in 58 mL of
ODE þ 2 mL of OA at 150 �C and then was cooled for injection)
and 0.5 mL Se-ODE solution were successively injected every
10 min for two to four cycles.

Morphology and Spectroscopy Characterization. Morphologies of
the nanomaterials and subsequent nanostructures were directly
examined with JEOL6700F SEM at an accelerating voltage of
5 kV. TEM observations were carried out on a JEOL 2010F
microscope operating at 200 kV. Single-particle PL and Raman
measurements were conducted on a Renishaw 2000 laser
Ramanmicroscope equippedwith a 514.5 nm and 20mW argon
ion laser with a 1 μm spot size for excitation. For TRPL measure-
ments, a tunable Ti:sapphire femtosecond-pulsed laser was used
as the excitation light source, with an excitation wavelength
of 400 nm and an incident light intensity of 1 W cm�2.
A Hamamatsu C5680-04 streak camera was used for the TRPL
experiments. The samples were cooled by an APD Cryogenics
system (model EXPPANDER DE202), and the TRPL measure-
ments were performed at low temperatures down to 17 K.
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