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Abstract : Time resolved optical properties of CdSe tetrapod nanocrystals where studied. The results show that the decays of
photoluminescence (PL) intensities for tetrapods in solution and on insulating silicon substrate can be well fitted by a bi-ex-
ponential function. Based on the emission-energy dependence of carrier lifetimes, the fast and slow PL decays of CdSe tet-
rapods are attributed to the recombination of delocalized carriers and the localized carriers in the localized states, respec-
tively. By comparing the amplitude ratio of the fast-decay component to the slow-decay component for samples in solution
with those on silicon, it is concluded that the slow PL decay is associated with the recombination of localized carriers in the
surface defects of CdSe tetrapods.

Key words:: tetrapod nanoparticle; decay of photoluminescence; localized carrier; surface defect

CLC number:0433.1;0472 +.3;0482.31

CdSe [T BAR 299 2K B B S S 1 Jo

Document: A

HAB' 2, R &, s, BER?, IRK
(L ARHEKE RFIIR, 1 201620,2. FHERH RS YU R K AR KD BRSET, B
3. FHRHIE (L% R TR AR TGO, i)

WE: T EART & F CdSe I BIIR 4 K B oy B 8] 0 3 0 o M 0. 5 R WA A8 @00 787 o A 3 47 AT A 4 vt
Fr b #y CdSe T R 4 KRR 2 OB T 8y R BOR K (PL) R b &3 7T DUA — A W e $5 B M B BRI &, KA H
A J U o R R, T A A KB X R R, AL TR F A 5 PLIE B RE B R R Jo, R R AR
TR A K BT A R O F AR BN B F o TR 8 P R R P ek b AR 0 B bR TR TR R
BB Lo {43 45 9 - CdSe T B 49 K BUKL B9 PL B 208 A0 18 32 98 2 Al SRR T 4 K RO o 3F Ry 38 A8 A B & T 6k
e v JR 0 25 B 5T

X 8 W WHCRAKRBEPL REGREHRRAFREHMA

Introduction

The size and shape of semiconductor nanostruc-
tures play important roles that determine their electron-
ic and optical properties. The tetrapod-shaped nano-

crystals have attracted much attention these years.
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They can potentially lead to a variety of interesting me-
chanical , electrical, and optical properties. For exam-
ple, due to their three-dimensional character, tetra-
pods may be important alternatives to fibers and rods as
additives for mechanical reinforcement of polymers "'’

Tetrapods can also serve as a very interesting building
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block for preparing superstructures, especially three-
dimensional ones'?’. Three-dimensional CdSe tetrapods
have obvious potential advantages in photovoltaic de-

4! because their shape makes it impossible for

vices
them to lie flat within the film. One important concern
in these applications is the dynamic properties of lumi-
nescence from tetrapods, which not only help to gain
fundamental insight into the charge carrier properties
but also provide information to improve the lumines-
cence yield. Up to now, tetrapods-shaped crystals with
dimensions on the nanometer and micrometer scale
have been synthesized for a variety of 1I-VI semicon-
ductors including Zn0=% | Cds, cdTe'' " and
Cdse!"),

properties of these

The mechanical, electrical and optical
tetrapod-shaped semiconductor

nanocrystals were also investigated by several

12-17 .
!, However, up to now, the recombination

groups'
dynamics of luminescerce in colloidal CdSe tetrapod
nanocrystals have rarely been reported.

Here we focus on the investigations of the recom-
bination dynamics of CdSe tetrapod nanocrystals.
Time-resolved photoluminescence ( PL) decay meas-
urements have been carried out at room temperature for
the CdSe tetrapod-shaped nanocrystals in air (on insu-
lating silicon substrate) and in chloroform solution at
various emission wavelengths. The PL intensity shows a
bi-exponential decay, consisting of a fast component
(0.92 ns and 0. 84 ns for tetrapods in solution and on
silicon, respectively) and a slow component (12. 80 ns
and 7. 19 ns for tetrapods in solution and on silicon,
respectively ). The nature of PL in our CdSe tetrapods

is discussed.
1 Experimental details

The detailed synthesis procedure of colloidal CdSe

tetrapod-shaped nanocrystals can be found else-
where' ). A brief description of the synthesis is pres-
ented below. Selenium powder was dissolved in TOP.
The mixture of CdO, oleic acid (OA) , diphenyl ether
and HCl (37% , aqueous solution) were heated to
180°C for 2 hours under N, gas flow. The addition of
HCl is for the formation of tetrapods''>). Then the solu-
tion of selenium powder and TOP was quickly injected

into this mixture. The reaction temperature remained to

be 180°C. After 1 hour, an aliquot was taken out from
the reaction flask and quickly transferred into a vial
filled with chloroform. The obtained crude sample was
washed by methanol. After centrifugal separation, the
precipitate can be separated from the excess OA and
reactants. Afterwards the nanocrystals were re-dispers-
ed into chloroform forming clear and red solution.

PL time-resolved measurements were performed u-
sing the time-resolved confocal fluorescence spectrosco-
py system. The excitation source is the second-harmon-
ic generation of a tunable femtosecond Ti;sappire laser
(Mira900-F, Coherent) at a wavelength of 400 nm.
The Ti:sappire laser produces light pulses with 200 fs
duration and a repetition rate of 10 MHz. To reduce
photo bleaching, the excitation power on samples was
controlled below 100 wW, and the accumulation time
was set to 30 s to produce high-quality signals at each
wavelength band. A water immersion objective lens
(40 x and NA =1.15) focuses the excitation beam in-
to the samples and collects the backscattered fluores-
cence signals. A pair of galvomirrors scans the laser
beam and creates a 150pm x 150pum sampling area in
the sample. A 200um core optical fiber is used as a
pinhole to collect the confocal fluorescence and conduct
the signal to a spectrometer. The detector is a multi-
channel time-correlated single-photon-counting ( TC-
SPC) module ( SPC-730 and PML-16, Becker & Hickl
GmbH) with a linear array of 16 photomultiplier tubes
(PMTs) that record fluorescence signals in 16 spectral
bands from 470 to 670 nm with a 13 nm interval. The
instrument responses of all PMT channels have ~ 180
ps FWHM. There are no significant temporal shifts be-
tween the separate channels. The recorded signal is the
averaged fluorescence over the sampling area (150pm
x 150m) to minimize the heterogeneity of intracellu-

1820
lar fluorescence ' I

2 Results and discussions

Transmission electron microscopy ( TEM) images
show that the tetrapod yield is up to 80% "'. High
resolution TEM (HRTEM) images indicate that the av-
erage size of the core of tetrapods is about 4nm, the
widths of the tetrapods’ arms are about 4 nm, and the

lengths of the arms are about 8 nm. Fig. 1 (a) and
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Fig.1 Representative TEM image (a)and high resolution TEM
image (b)of CdSe tetrapod-shaped nanocrystals
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(b) illustrate the representative TEM and HRTEM im-
ages of the synthesized CdSe, respectively.

The room-temperature PL spectra have been ob-
tained from the samples in chloroform solution and the
samples deposited on insulating silicon substrates. The
dashed lines in Fig. 2 are the PL signals of CdSe tetra-
pods in chloroform solution (a) and on silicon sub-
strate (b) at room temperature. The energy of the
main peak is centered at 2.20 eV and 2. 16 eV for tet-
rapods in solution and on silicon, respectively, which
is assigned to the recombination of near-bandgap excit-
ons from the UV-Vis absorption spectra of samples.
The energy difference between the main PL peaks of
samples in solution and on silicon can be explained as
follows. Due to the gravity, larger-sized samples in so-
lution prefer to stay at the bottom of the vessel 2.
While in the measurements of PL emissions from sam-
ples in solution, the illuminated points are in the mid-
dle of the vessel. Therefore, the average size of sam-
ples in solution is smaller than that of samples on sili-
con, i. e. the emission energy of samples in solution is
higher than that of samples on silicon. Fig.3 shows the
PL decay profiles of tetrapods in solution (a) and on
silicon (b) monitored at the PL peak energies (2.20
eV and 2.16 eV). The decay can be well fitted by a
bi-exponential function

I(1) = Aje™ + Ay ™ | (1)
where 7,(7,) represents the decay time of fast (slow)
decay; A, (A,) represents the amplitude of the fast-de-
cay (slow-decay) component at t =0. The solid lines

in Fig. 3 are the fitted results by using Equation (1).

Fig.2 The PL spectra (I-E curves) (dashed lines) of CdSe
tetrapods in solution (a) and on silicon (b) at room tempera-
ture, respectively. The open circles and squares show emission
energy dependence of 7, and 7, (7-E curves) , respectively. The
solid lines are the fitting results by using equation (2)

B2 T (a) FUEE L (b) Y CdSe PURARR K il i 2 L
PL 14k (I-E 4k) (RN . 250 B =S O OE 5 B iR
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) RAN IR (2) A EER)

As can be seen, an excellent agreement with experi-
mental results can be achieved. The decay fittings give
time constants of 7, =0.92 ns and 0. 84 ns for fast PL
decay and 7, =12.80 ns and 7. 19 ns for slow PL decay
for tetrapods in solution and on silicon, respectively.
To investigate the origins of 7, and 7,, their de-
pendences on emission energy are analyzed as shown in
Fig. 2. The open circles and squares in Fig. 2 (a)
show the measured lifetimes of slow (7,) and fast
(7,) decay, respectively, for different emission energy
for CdSe tetrapods in solution. As shown in Fig. 2
(a), the lifetime 7, falls as the emission energy in-
creases. It is a characteristic of the localization

effect 2724

disorder or surface states may generate localized states

Localization associated with the structural
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Fig.3 The room temperature PL decay profiles of CdSe tetra-
pods in solution (a) and on silicon (b), respectively, moni-
tored at peak transitions (2.20 eV and 2. 16 €V for tetrapods in
solution and on silicon, respectively) (-t curves). The solid
lines are fitting results by using equation (1)

B3 HHH (a) FUEE A L (b) (1 CdSe PURMRZY K S 7E PL
W BRI I 30 PL A 2k (10 2K). SEEC TR (1)
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21 Accordingly, localized car-

with different energies
riers can be transferred from higher energy sites to low-
er energy sites through a relaxation process'™ . The
decay rate of localized carriers is expressed as the radi-
ative recombination rate plus the transfer rate to lower
energy sites, where the radiative recombination rate is
assumed to be independent on emission energy. Thus,
the observed lifetime decreases as the emission energy
increases. While the fast PL decay 7, is independent
on emission energy (as shown in Fig. 2 (a)) and
much shorter than 7,, these suggest that 7, is associat-
ed with the recombination of delocalized carriers in the
core state in tetrapods'?’. Fig. 2 (b) shows that the
measured lifetimes of slow and fast decay for different
emission energies for the tetrapods on silicon have the

same characteristics as that for tetrapods in solution, i.

e. 7, is independent on emission energy, while 7, de-
creases as emission energy increases. The combination
of carrier recombination and transfer has been modeled
by assuming that the density of localized tail states is
proportional to exp ( — E/E,) , where E, describes the
amount of spreading in the density of states > **'. The
relationship between lifetime 7( E) and PL energy E is
given as 26
7 rad
A e e v (2)

where 7, is the radiative lifetime, E , is defined as the

me

energy for which the decay time equals to the transfer
time, and E, is a characteristic energy for the density
of states. The latter parameter is a measure for the av-
erage localization energy. When PL emission energies

are above E _, the transfer of carriers has a higher

probability than the radiative decay. Fig.2 shows the
fitted curves to Equation (2) (solid line in Fig.2).
PL decay signals at lower and higher energies are much
weak, so that 7, and 7, at lower and higher energies
are least-square fits of Eq. (1), which can explain the
divergence between the fitted curves and the experi-
mental data at lower and higher energy. But as showed
in Fig.2, 7, — E curves can be well fitted by Eq. (2)
when the energy ranges from 2. 03 eV to 2. 26 €V,
which indicates further that the slow decay is related
with the recombination of carriers in localized states of
the tetrapods.

From the PL decay fittings, the amplitude ratio of
the fast-decay component A, to the slow-decay compo-
nent A, can be analyzed to explore further the origins of
the fast and slow PL decays. The ratio A,/4, is smaller
than 1 for tetrapods in solution (1/1.48 for peak ener-
gy ), while larger than 1 for tetrapods on silicon (1.79/
1 for peak energy) for all emission energies, indicating
that for tetrapods in solution the weight of slow decay
which is characterized by a localization process is lager
than that of fast decay, while the reverse is true for tet-
rapods on silicon. Note that the only difference be-
tween tetrapods in solution and on silicon is the exter-
nal environment. For tetrapods in chloroform solution,
the tetrapods are in a non-polar environment, while for
tetrapods on silicon, the tetrapods are exposed to air

which contains oxygen , water molecule , and etc . Air
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% 1 Summary of fitting parameters for PL decays at peak

energies
Table 1 PL REH&EIEREMINBISER
] ] PL peak 7 Ty 4./ Trad E,. E,
Samples (V) () (ms) ) (ns)  (eV) (meV)

CdSe  Insolution 2.20 0.92 12.8 1/1.48 17.6 2.31 91
Tetrapods On silicon  2.16  0.84  7.19 1.79/1 14 2.17 88

is a polar atmosphere and oxygen can be absorbed on
the surface of tetrapods to eliminate the polar surface
defects such as defects formed by Se/Cd dangling
bonds' ',

weight of fast decay is lager than that of slow decay and

Therefore, for tetrapods on silicon the

it is believed that the slow-decay component originates
from the recombination of localized carriers in the sur-
face states.

The fitting parameters for PL decays of CdSe tetra-

pods are summarized in Table 1.
3 Conclusions

In summary, the recombination dynamics of pho-
toluminescence for colloidal CdSe tetrapods were stud-
ied. Based on the emission energy dependence of life-
times and the amplitude ratio A,/A,, it is believed that
the fast and slow PL decay of colloidal CdSe tetrapods
are associated with the recombination of the delocalized
carriers in the core states and the localized carriers in
the surface states, respectively. This important result
not only helps to gain fundamental insight into the
charge carrier properties of CdSe tetrapod-shaped nano-
crystals, but also provides information to improve the
luminescence yield of the tetrapods.

Acknowledgement: The authors would like to
thank Mr. Zheng Wei of ECE Department of HKUST
for the measurements of lifetimes and the financial sup-
port of the Research Grant Council of Hong Kong via
grant number HKUST6069/02P and F-HK18/03T,

and the research fund of Donghua University.

REFERENCES

[1]Manna L, Milliron D J, Meisel A, et al. Controlled growth
of tetrapod-branched inorganic nanocrystals[ J]. Nat. Ma-
ter 2003 ,2:382—385.

[2]Liu H T, Alivisatos A P. Preparation of asymmetric nano-
structures through site selective modification of tetrapods
[J]. Nano Lett. 2004 ,4.2397—2401.

[3]Sun B Q, Marx E, Greenham N C. Photovoltaic devices u-
sing blends of branched CdSe nanoparticles and conjugated
polymers[ J]. Nano Lett. 2003 ,3:961—963.

[4]Scher E C, Manna L, Alivisatos A P. Shape control and ap-
plications of nanocrystals[ J]. Philos. Trans. R. Soc. Lon-
don, Ser. A 2003,361 :241—257.

[5]Dai Y, Zhang Y, Li Q K, et al. Synthesis and optical prop-
erties of tetrapod-Like zinc oxide nanorods [ J]. Chem.
Phys. Lett. 2002 ,358 :83—86.

[6]Yan H Q, He R, Pham J, et al. Morphogenesis of one-di-
mensional ZnO nano-and microcrystals [ J ]. Adv. Mater.
2003,15:402—405.

[7]Jun Y W, Lee S M, Kang N J, et al. Controlled synthesis
of multi-armed CdS nanorod architectures using monosurfac-
tant system [ J]. J. Am. Chem. Soc. 2001,123;5150—
5151.

[8]Jun Y W, Jung Y Y, Cheon J. Architectural control of mag-
netic semiconductor nanocrystals[ J]. J. Am. Chem. Soc.
2002,124.615—619.

[9]Chen M, Xie Y, Lu J, et al. Synthesis of rod-, twinrod-,
and tetrapod-shaped CdS nanocrystals using a highly orien-
ted solvothermal recrystallization technique[ J]. J. Mater.
Chem. 2002 ,12 :748—753.

[10]Yu W W, Wang Y A, Peng X G. Controlled CdTe nano-
crystals: Ligand effects on monomers and nanocrystals[ J].
Chem. Mater. 2003 ,15 :4300—4308.

[11]Peng A, Peng X G. Nearly monodisperse and shape-con-
trolled CdSe nanocrystals via alternative routes : Nucleation
and growth[ J]. J. Am. Chem. Soc. 2002124 .3343—
3353.

[12]Manna L, Scher E C, Alivisatos A P. Synthesis of soluble
and processable rod-, arrow-, teardrop-, and tetrapod-
shaped CdSe nanocrystals[ J]. J. Am. Chem. Soc. 2000,
122.12700—12706.

[13]Peng X, Manna L, Yang W, et al. Shape control of CdSe
nanocrystals[ J]. Nature 2000 ,404 .59—61.

[14]Fang L, Park J Y, Cui Y, et al. Mechanical and electrical
properties of CdTe tetrapods studied by atomic force mi-
croscopy [ J]. J. Chem. Phys. 2007, 127, 184704—
184708.

[15]Pang Q, Zhao L J, Cai Y, et al. CdSe nano-tetrapods:
controllable synthesis, structure analysis, and electronic
and optical properties[ J]. Chem. Mater. 2005 ,17 :5263—
5267.

[16]Li Y, Zhong H, Li R, et al. High-yield fabrication and
electrochemical characterization of tetrapodal CdSe, CdTe,
and CdSe Te[J]. Adv. Funct. Mater. 2006,16:1705—
1716.

[17 ]Malkmus S, Kudera S, Manna L, et al. Electron-hole dy-
namics in CdTe tetrapods[ J]. J. Phys. Chem. B2006,
110:17334—17338.

[18]Wu Y, Xi P, Chueng T, et al. Depth-resolved fluores-
cence spectroscopy reveals layered structure of tissue[ J ] .
Opt. Express 2004,12 .3218—3223.

[19]Wu Y, Xi P, Chueng T, et al. Depth-resolved fluores-
cence spectroscopy of normal and dysplatic cervical tissue
[J]. Opt. Express 2005,13.382—388.

[20]Wu Y, Zheng W, Qu J. Sensing cell metabolism by time-
resolved autofluorescence [ J ]. Opt. Lett. 2006, 31.
3122—3124.

[21]Guo B. Chemical synthesis and characterization of CdMnS
and CdMnSe quantum dots[ D]. Hong Kong University of
Science and Technology, MPhil Thesis 2003 :52—53.

(RS 179 1)



3 1A FTO BERERTIE LAS BRI AT 2 IR R A 4 5ot A 45 179

K4 FTO/ PhZr, ,Ti,  O,-2 )2 BER GL) SN R ST GHE.
SEENS B 2k | HE L I 35 S 1 | s AR B R A
ERZ AN

Fig.4 Reflectance and transmittance spectra of the FTO/ PZT
multilayer, the solid line corresponds to the reflectance spec-
tra, and the dashed line to the transmittance spectra, respec-
tively, while the dotted line denotes the sum of the reflectance
and the transmittance spectra
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