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Abstract: Quantum-sized ZnS nanocrystals with quasi-spherical and rod shapes were synthesized by the
aging reaction mixtures containing diethylzinc, sulfur, and amine. Uniform-sized ZnS nanorods with the
average dimension of 5 nm x 21 nm, along with a small fraction of 5 nm-sized quasi-spherical nanocrystals,
were synthesized by adding diethylzinc to a solution containing sulfur and hexadecylamine at 125 °C,
followed by aging at 300 °C. Subsequent secondary aging of the nanocrystals in oleylamine at 60 °C for
24 h produced nearly pure nanorods. Structural characterizations showed that these nanorods had a cubic
zinc blende structure, whereas the fabrication of nanorods with this structure has been known to be difficult
to achieve via colloidal chemical synthetic routes. High-resolution TEM images and reaction studies
demonstrated that these nanorods are formed from the oriented attachment of quasi-spherical nanocrystals.
Monodisperse 5 nm-sized quasi-spherical ZnS nanocrystals were separately synthesized by adding
diethylzinc to sulfur dissolved in a mixture of hexadecylamine and 1-octadecene at 45 °C, followed by
aging at 300 °C. When oleic acid was substituted for hexadecylamine and all other procedures were
unchanged, we obtained 10 nm-sized quasi-spherical ZnS nanocrystals, but with broad particle size
distribution. These two different-sized quasi-spherical ZnS nanocrystals showed different proportions of
zinc blende and wurtzite crystal structures. The UV absorption spectra and photoluminescence excitation
spectra of the 5 nm ZnS quasi-spherical nanocrystals and of the nanorods showed a blue-shift from the
bulk band-gap, thus showing a quantum confinement effect. The photoluminescence spectra of the ZnS
nanorods and quasi-spherical nanocrystals showed a well-defined excitonic emission feature and size-
and shape-dependent quantum confinement effects.

Introduction confinement effects and size- and shape-dependent photoemis-

Nanocrystalline materials have attracted tremendous attentionSion characteristics.These semiconductor nanocrystals have
from researchers in many discipline$.These nanocrystals been applied to many different technological areas, including
exhibit novel electronic, magnetic, optical, chemical, and biological labeling and diagnostics, light emitting diodes,
mechanical properties, which make them highly attractive for photovoltaic devices, and lasérlany semiconducting nanoc-
many important technological applications. Of the various types rystals of metal sulfides with various compositions and shapes
of nanocrystals, semiconducting metal chalcogenide nanocrystalshave been synthesiz€@&nS is a wide band-gap semiconductor
have been the most intensively studied because of their quantunwith a band-gap energyef) of 3.6 eV. For many years, ZnS
materials doped with various metal ions have been used as
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phosphors for displays. Recently, nanostructured doped ZnSthe [0001] direction, whereas this is not the case for materials
materials have attracted considerable attention because of theihaving cubic crystal structure because of its highly symmetric
superior luminescence characteristics as compared to those otrystal structuré® Usually, ZnS has a cubic zinc blende
their bulk counterparté Several different synthetic routes have structure below 1020°C, but at higher temperature, the
been investigated for the production of ZnS nanostructifes. hexagonal wurtzite crystal structure predominates. This is why
However, high-quality ZnS nanocrystals having uniform particle the 1-D ZnS nanocrystal is difficult to achieve via colloidal
size, shape, and good optical properties have rarely beensynthetic routes. The sokdiquid—solution (SLS) growth
reported. In most of the previous studies, ZnS nanocrystals method has been successfully applied to cubic-structured InAs
having broad size distribution and poor optical quality have been nanorods and InP nanowirEyut the shape-controlled synthesis
synthesized. of ZnS has not been previously reported. Herein, we report the
One-dimensional (1-D) nanocrystalline materials, including synthesis of uniform and quantum-sized quasi-spherical ZnS
nanorods and nanowires, have been intensively studied becausaanocrystals and nanorods from the oriented attachment process.
of their unique properties, which are derived from their low Both the quasi-spherical nanocrystals and nanorods exhibit well-
dimensionality? There have been several reports on the synthesisdefined excitonic emission, and the optical properties of these
of ZnS nanorods and nanowires using high-temperature thermalnanocrystals are discussed.
evaporation procedures and template-synthetic réutsst of
these 1-D ZnS nanocrystals have diameters larger than thatExperimental Section
requirec_l for the emergence of_ guantum confinement eff_ect. In 1-Hexadecylamine (HDA, 98%), diethylzinc (1 M solution in
comparison, many 1-D semiconductor nanocrystals in the pexane), elemental sulfur powder, 1-octadecene (ODE, tech. grade),
quantum confinement regime have been synthesized througholeylamine (70%, tech. grade), oleic acid (90%, tech. grade), and 2-(4-
the surfactant-controlled rod-growth approdgh°® However, biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD) were purchased from
the 1-D synthesis of semiconductor nanocrystals by this Aldrich Chemical Co. HPLC grade solvents, including dichloromethane,
approach is mainly limited to hexagonal structured materials. hexane, cyclohexane, and ethanol were purchased from J. T. Baker.
In materials having hexagonal crystal structure, the difference Trioctylphosphine oxide (TOPO, 90%, Strem) was distilled under
in the surface energy between the (0001) lattice plane and thevacuum before use. Synthesis was conducted under an argon atmosphere

other planes is large enough to induce anisotropic growth along Using standard Schienk techniques. _
Synthesis of ZnS Nanorods.Five grams of 1-hexadecylamine

(HDA, 21 mmol) was degassed under vacuum atADor 1 h. Then,
3 mmol (0.096 g) of elemental sulfur dissolved in HDA was heated to
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125°C in an argon atmosphere. Diethylzinc (0.5 mmol) was then rapidly
injected into the sulfur solution at 12%&. The resulting solution was
heated to 300C and held at this temperature for 1 h. The reaction
mixture was then cooled to 6@, and 50 mL of ethanol was added to
precipitate the ZnS nanocrystals. The resulting precipitate was retrieved
by centrifugation and washed several times with ethanol to remove
excess HDA, yielding yellow colored ZnS nanocrystals composed
mostly of nanorods with a small portion of quasi-spherical nanocrystals.
To increase the yield of the nanorods, the ZnS nanocrystals were placed
in 5 g of degassed oleylamine and aged at°60for 1 day.

Synthesis of Quasi-Spherical ZnS NanocrystalsThe following
procedure was used to synthesize 5 nm-sized quasi-spherical ZnS
nanocrystals. HDA (2.5 g, 10 mmol) and 2.5 g of 1-octadecene (ODE,
10 mmol) were mixed and degassed under vacuum atCdor 1 h.
Then, 3 mmol (0.096 g) of elemental sulfur was dissolved in the HDA/
ODE mixture in an argon atmosphere, and the temperature was
decreased to 4%C. Diethylzinc (0.5 mmol) was then injected into the
sulfur solution at 45°C. The resulting reaction mixture was slowly
heated to 300C and held at this temperature for 2 h. As the temperature
increased, the solution color changed from green to yellow and finally
to red. The reaction mixture was then cooled to°6) and 50 mL of
1-butanol was added to precipitate the ZnS nanocrystals. The precipitate
was retrieved by centrifugation and washed several times with ethanol
to remove excess HDA and ODE. Next, 10 nm quasi-spherical ZnS
nanocrystals were synthesized using a similar procedure, except that
2.5 g of ODE (10 mmol) and 2.76 g of oleic acid (9.76 mmol) were
used instead of HDA.

Characterization of the Nanocrystals. The nanocrystals were
characterized by low- and high-resolution TEM and X-ray diffraction.
Low-resolution TEM images were obtained on a JEOL EM-2010
microscope. High-resolution TEM (HRTEM) images were obtained
using a JEOL JEM-3000F microscope. The TEM image simulation
was done using a java version of an electron microscopy image
simulation (JEMS) program using a multi-slice simulation calculation.
Synchrotron X-ray diffraction data were collected on the 8C2 beam
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line at the Pohang Light Source (Korea). A Si(111) crystal was used
as a monochromator for the incident beam, and the wavelength of
0.15425 nm was calibrated using a Si standard. The data were collectec
over the @ range of 10 ~ 135 using a 0.025 step size. Rietveld
refinement for the synchrotron X-ray data was performed using the
Fullprof 2K program‘! A pseudo-Voigt function was used as the peak
profile for the refinement. Elemental analysis of the ZnS nanocrystals
was performed by X-ray photoelectron spectroscopy (XPS) using a
Sigma Probe (ThermoVG, U.K.) electron spectroscope for chemical
analysis (ESCA) and an Al anode as a monochromatic X-ray source.
The optical properties of the ZnS nanocrystals were characterized by
electronic absorption and fluorescence spectroscopy. Electronic absorp- 44 nm
tion and fluorescence spectra were obtained using a Perkin-Elmer
Lambda Model 20 UV-vis spectrometer and a JASCO FP750
spectrofluorometer, respectively. Quantum yields were measured using (€)
2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD), which has an ab-
sorption maximum at 303 nm and a quantum yield of 83% when excited
with a 313 nm UV laser, as a standdfd. Yiv

20

Results and Discussion 10

Synthesis of Rod-Shaped ZnS Nanocrystal§ he current
synthetic procedure is a modified version of the method used
by our group for the synthesis of monodisperse nanocrystalsof 3 4 s 6 7 8 15 20 25 30
metals, oxides, and sulfides, which involves the mixing of Diemetor of namorods (m) gt ftEAnorods ()
precursors and surfactants at low temperature followed by agingFigure 1. (a) TEM image of as-synthesized ZnS nanorods containing some
at high temperaturé“’. In our previous report on the generalized fraction of spherical naqocrystals. (b) TEM ime_lge o_f Zr_lS qanorpds obtained
synthess of uniform-sized sulfice nanocrystals, we used metal 1%, ¢ Secondary sgihg a1 60. (¢ and o) Sie dsrbuton Meogtame
chloride and elemental sulfur as reagé¥its contrast, in the distribution histogram of ZnS nanorods. (d) Length distribution histogram
present synthesis, we employed diethylzinc instead of zinc of ZnS nanorods.
chloride as a zinc precursor. As will be discussed later
employing diethylzinc allowed the formation of nanocrystals
with relatively few deep-trap sites, which resulted in enhanced (a) (b)
band-edge emission properties.

Rod-shaped ZnS nanocrystals (nanorods) were synthesized
by adding diethylzinc to a solution of sulfur in hexadecylamine q

o

’ Scheme 1. Overall Synthetic Procedure for the Nanorods?

(HDA) at 125°C, followed by aging at 300C. TEM showed
that the product was composed of 80% rods and 20% spheres [ ]
(Figure 1a). To increase the proportion of the ZnS nanorods, o
the product was further aged in oleylamine at°@for 24 h.
The overall synthetic process is described in Scheme 1. The o *
TEM image after the secondary aging in oleylamine showed
that most of the nanocrystals were rod-shaped, and that the i B
average size of the nanorods was 5 nm (diamete®1 nm (d) (c)
(length), with a diameter standard deviation of 18% and a length

standard deviation of 35% (Figure td). Electron-diffraction .. ®
(ED) patterns and high-magnification TEM images showed that o
the nanorods had a cubic zinc blende structure (Figure 2). ®
Furthermore, the HRTEM images revealed that the interplanar _

distance along the growth axis was 0.311 nm, which is consistent
with the interplanar distance of the (111) plane of the cubic ®
zinc blende structure of ZnS, thus confirming that the nanorods’

(11) Rodriguez-CarvajaFULLPROF 2K Program for the Rietveld Refinement,
Laboratory Leon Brillouin (CEA-CNRS), 2000. ) : P :
(12) Berlman, I. BHandbook of Fluorescence Spectra of Molecufesademic ®(a and b) The f'FSt step .Of na_noro.d synthesis. (a) Kinetic formatlo_n of
Press: New York, 1971. short nanorods, (b) intraparticle ripening. (¢ and d) The secondary aging at
(13) (a) Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, HJBAm. Chem. Soc. 60 °C in oleylamine. (c) Oriented attachment of the 5 nm-sized quasi-
%?]01 12J3 Z127|_5|38- (b) %JOAJ.; élrl] T éirgo\é-a\/i/.z;angésH-( l\)/|-|;<WU,SF.; spherical nanocrystals to form elongated nanorods. (d) Ostwald ripening to
ang, J. Z.; Hyeon, TJ. Am. Chem. So . (c) Kim, S.
W.; Park, J.; Jang, Y.; Chung, Y.; Hwang, S.; Hyeon, T.; Kim, Y. W. form smooth surface nanorods.
Nano Lett.2003 3, 1289. (d) Son, S. U.; Jang, Y.; Park, J.; Na, H. B;
Park, H. M.; Yun, H. J.; Lee, J.; Hyeon, J. Am. Chem. So2004 126, longation axis was in the [111] direction. In th rren
5026. (e) Son, S.; Park, I. K.; Park, J.; Hyeon,Chem. Commur2004 elo gatp axis was the [ ] directio the current
778. (f) Park, J.; An, K.: Hwang, Y.; Park, J.-G.: Noh, H.-J.: Kim, J.-Y.; ~ synthesis, nearly pure ZnS nanorods were formed from the

Park, J.-H.; Hwang, N.-M.; Hyeon, Nat. Mater.2004 3, 891. H H i it i i
(14) 300, 3. Na H. Boe Yu, T.: Y, 3. HLe Kim, Y. We: Wu, F.: Zhang, J.; Hyeon, kinetic c_ontrol of the reaction c_ondltlon in the first step of the
T.J. Am. Chem. So@003 125 11100. synthesis, followed by the oriented attachment of the ZnS
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because 1-hexadecylamine (HDA) surfactant is not a strong
m—(311) ligand. As a result, initially formed 3 nm-sized nanorods seemed

—(220)

to undergo an intraparticle ripening process, producing thicker
5 nm-sized nanorods, as shown in the TEM image in Figure
3b. In addition, 5 nm-sized quasi-spherical nanocrystals seemed
to be produced from the ripening of the initial 3 nm-sized quasi-
spherical nanocrystals after the first step of the nanorod synthesis
(Figure 3b)3f

During the second step of the synthesis, involving aging in
oleylamine, the remaining quasi-spherical nanoparticles, which
were generated in the first step, are attached to one another and
to preformed nanorods to produce nanorods at a temperature
as low as 6C°C. In the final stage of the nanorod growth via
the oriented attachment process, Ostwald ripening smoothens
the irregular surface of nanorods to produce nanorods with
smooth surface. As a result, more nanorods with large diameters
were generated, exhibiting an asymmetric diameter histogram
(Figure 1c). These results are very interesting because ZnS
nanorods with cubic zinc blende structure were formed from
the oriented attachment growth of spherical cubic ZnS
nanocrystald>® As far as we know, this is the first report on
the synthesis of 1-D nanorods with a cubic crystal structure that
was achieved via the oriented attachment mechanism.

We optimized various synthetic conditions in order to
synthesize ZnS nanorods. We used thermally labile diethylzinc
as the precursor and optimized the injection temperature. At an
injection temperature- 150 °C, large numbers of polydisperse
spherical nanocrystals were synthesized. On the other hand, at
an injection temperaturec150 °C, ZnS nanorods were pre-
dominantly produced. The optimum injection temperature for
the nanorod synthesis was found to be between 100 and 130
°C, where nanorods with good crystallinity were obtained in
high yield. The choice of an appropriate surfactant was also
essential for the success of the procedure. When strongly binding
surfactants, such as trioctylphosphine oxide (TOPO), were
employed in the synthesis, no nanorods were produced, but
rather polydisperse and shapeless nanocrystals larger than 5 nm

nanocrystals in the second aging in oleylamine at®0During ~ Were generated (Supporting Information). This was probably
this attachment process, the ZnS nanocrystals coalesce to fornPecause TOPO binds too strongly to the zinc sites and inhibits
secondary rod-shaped particles, in which the (111) planes of 1-D growth. ngadegylamme, which has an intermediate blndlng
the ZnS nanocrystals are almost perfectly aligned, as was showrstrength, was identified as the best surfactant for the synthesis
by the TEM image25 In Figure 1d, the length distribution  ©f ZnS nanorod$? In addition, large excess of sulfur, with a
histogram showed a maximum peak at every 5 nm. This Zinc to sulfur molar ratio of 1.6, was used in the synthesis. When
phenomenon is due to the oriented attachment of quasi-sphericaf Smaller amount of sulfur was used, smaller spherical nano-
nanocrystals with a mean diameter of 5 nm, and a similar crystals were produced rather than nanorods. In the previous
phenomenon was reported by Weller and co-workers for ZnO report on the mechanism study of CdSe nanorod formation
nanorodg<sh reported by Peng and co-workégsthe initial cadmium-to-

In the first step of our nanorod synthesis, nanorods seem to Selenium ratio was essential to maintain high chemical potential.
be formed by the high chemical potential resulted from the high YWhen the cadmium precursor was used in excess, pure CdSe
monomer concentration. As shown in the Figure 3a, thin nanorods were formed. In contrast, when the selenium precursor
nanorods with diameters of 3 nm mixed with 3 nm-sized Was used in excess, spherical CdSe nanocrystals were generated.

spherical nanocrystals were produced at the sample taken afnterestingly, in our previous report on the synthesis of CdS

220°C. However, the reaction system seems to fail at maintain- "@nocrystals, the reaction of excess sulfur generated CdS
ing high chemical potential (i.e., high monomer concentration) nanorods:* These results imply that the less reactive species
should be employed in excess to maintain high chemical

(15) (a) Penn, R. L.; Banfield, J. Bciencel998 281, 969. (b) Penn, R. L; potential and, consequently, to produce rod-shaped chalcogenide

Banfield, J. FAm. Mineral.1999 84, 871. (c) Penn, R. L.; Banfield, J. F. i

Gooehim. Cosmoechim. AC999 63 1640, () Zhang. H. Banfield. J. F- nanocrystgls. In the_curren_t case, because elemgntal sulfur is
Am. Mineral.1999 84, 528. (e) Park, S.-J.; Kim, S.; Lee, S.; Khim, z. G.;  less reactive than diethylzinc, sulfur was added in excess to

Char, K.; Hyeon, T.J. Am. Chem. SoQ00Q 122 8581. (f) Huang, F.;
Zhang, H.; Banfield, J. ANano Lett.2003 3, 373. (g) Huang, F.; Zhang, (16) (a) Hines, M. A.; Guyot-Sionnest, B. Phys. Chem. B998 102 3655.
H.; Banfield, J. F.J. Phys. Chem. B003 107, 10470. (h) Pacholski, C.; (b) Norris, D. J.; Yao, N.; Charnock, F. T.; Kennedy, T. Wano Lett.
Kornowski, A.; Weller, H.Angew. ChemInt. Ed. 2002 41, 1188. 2001 1, 3.

(111)

after the first synthetic step (after aging at 3@ for 1 h).
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maintain high chemical potential and, consequently, to form the
nanorods. Furthermore, the use of a large amount of sulfur
turned out to be important for the synthesis of ZnS nanocrystals
with good optical properties, as will be discussed later.
During the secondary aging in oleylamine at 80, the
remaining spherical nanocrystals were transformed to nanorods
via oriented attachment. The substitution of strongly hindered
HDA with more compact oleylamine, which is known to act as
a C-8 hydrocarbon chain via cis-conformatidiseems to induce
the facile coalescence of the spherical nanocrystals to form
nanorods. The growth of nanorods via this secondary aging at
low temperature is similar to the synthesis of CdTe nanowires §&
via the oriented attachment of spherical CdTe nanoparticles
resulting from the partial removal of surfactant by aging at room
temperature, as reported by Kotov and co-work&rSimilar :
to their report, the secondary growth of nanorods is caused by _' .
the dipole-dipole attraction of preformed ZnS nanocrystals. &
They suggested that one-dimensional nanostructure could bef ; R 10
formed by the oriented attachment mechanism when the energ ST
of dipole attraction among nanocrystals is higher than or 5 'n e Lol 0
comparable to the thermal enerdgyl. To prove this, the aging e it A sy 4 dia;eter?nm) 7T 8
temperature in oleylamine is varied from 60 to 3@ When : :
the preformed ZnS nanocrystals by the first step of nanorod Figure 4. (a) Low-magnification TEM image of self-assembled 5 nm quasi-
synthesis were aged in oleylamine at 380 (Supporting spherical ZnS nanocrystals. (b) High-magnification TEM image of self-

. . assembled 5 nm quasi-spherical ZnS nanocrystals. (c) High-resolution
Information), ZnS nanorods with shorter length and the same yansmission electron microscope (HRTEM) imaga 6 nmquasi-spherical
diameter of 5 nm were produced compared to those aged at 6(hanocrystal. (d) Diameter distribution histogram of 5 nm quasi-spherical
°C. This seems to result from the predominance of thermal ZnS nanocrystals obtained from counting 300 nanocrystals.
energy of the high temperature of 300 over dipole-dipole ) o
attraction and further demonstrates that low temperature aging | "€ TEM images of the nanocrystals, shown in Figure 4a,b,
in an appropriate surfactant induces facile coalescence off€vealed an extensive 2-D and 3-D close-packed structure,
nanocrystals to form one-dimensional structure. demonstratlng' a highly uniform particle size distribution

Previous reports by the Banfield group showed that the (Standard deviation of10% and <5% when agglomerated
oriented attachment of ZnS nanocrystals occurs without direc- P2rticles are excluded, Figure 4d). The HRTEM images of the

tional preference under hydrothermal conditiéfisThe major ~ 2 NM-sized nanocrystals (Figure 4c) revealed their highly
difference between our result and those previously reported crystalhr.le nature a“‘?' mostly zinc blende §tructure. When
involves the introduction of an amine surfactant. Amine seems ©leylamine was substituted for hexadecylamine and all other

to selectively adsorb to the (110) facet of ZnS nanocrystals and Procedures were kept unchanged, the same 5 nm-sized quasi-
minimize its energy, thus enhancing the surface energy differ- spherical ZnS nanocrystals were obtained. However, the isolated

ence between (110) and (111) facets. We speculate that thicduasi-spherical nar_locrystals_ under\_/vent oriented attachment
enhancement of surface energy differences by facet selectiveVhen they were redispersed in organic solvents, such as hexane

amine ligand adsorption is the underlying reason for the oriented (Figure 5). For e.».(amplel, when 5.nm quasi-spherical ZnS
attachment of ZnS nanocrystals in one direction. nanocrystals stabilized with oleylamine were kept in hexane at

Synthesis of Quasi-Spherical ZnS NanocrystalsQuasi- room temperature for 1 day, nanqrods with dimensions o_f 5
spherical ZnS nanocrystals were synthesized by adding dieth-"M > 10~15 nm were generated (Figure 5b). When the solution

ylzinc to sulfur dissolved in the mixture of hexadecylamine was further aged for 30 days, nanorods with 5 nm thick

(HDA) and 1-octadecene (ODE) at 48, followed by aging nanocrystals were formed (Figure 5c). These results provide
of the reaction mixture at 30TC. Whereas only HDA was used additional proof of the oriented attachment driven by oleylamine.

in the synthesis of the ZnS nanorods, in this case, HDA was In contrast, the 5 nm quasi-spherical ZnS nanocrystals stabilized
diluted with ODE® and the injection,temperature’was de- with hexadecylamine remained stable and were to be kept stable

creased, which allowed the controlled nucleation and growth Mdefinitely in hexane at room temperature. However, when it
of the nanocrystals. This injection of precursor into diluted was aged in excess oleylamine at¥l) as in the second step

coordinating solvent at moderately low temperature and sub- of nanorod synthe5|s, 5 nm diameter Zr.'S nanorods vyere
sequent aging at higher temperature is consistent with the Produced predominantly, which further confirms the formation

syntheses of monodisperse nanocrystals previously reported by e nanorods via the oriented attachment of spherical ZnS
our group*3 nanocrystals (Figure 6).

When oleic acid was substituted for hexadecylamine and all
(17) Dumestre, F.; Chaudret, B.; Amiens, C.; Fromen, M. C.; Casanove, J.; the other synthetic procedures were kept unchanged, we obtained

(d)

30
Y%
20

Renaud, P.; Zurcher, Angew. Chemlnt. Ed. 2002 41, 4286. _aj i ; i
(18) Tang. 2. Kotov, N. A.. Giersig. MScience2002 207, 337, 10 nm §|zed quasi-spherical Zr\S nanoc'rystals.. Figure 7 shows
(19) (a) Yu, W. W.; Peng, XAngew. Chem.Int. Ed. 2002 41, 2368. (b) a TEM image of these 10 nm-sized quasi-spherical nanocrystals

Battaglia, D.; Peng, XNano Lett.2002 2, 1027. (c) Li, L. S.; Pradhan, ; 0, ; ot ; B ;
N.: Wang, Y - Peng, XNano Lett. 2004 4, 2261. (d) Jana, N. R.- Chen, with 25% size distribution, which is broader than that of the

Y.; Peng, X.Chem. Mater2004 16, 3931. 5.0 nm nanocrystals. These results can be understood based on
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Figure 5. TEM image of 5 nm quasi-spherical ZnS nanocrystals synthesized
using oleylamine: (a) as-synthesized sample, (b) after keeping hexane ) ] 3
solution at room temperature for 1 day, (c) after keeping in a hexane solution Figure 7. TEM image of 10 nm quasi-spherical ZnS nanocrystals. The

at room temperature for 30 days. inset is the HRTEM image of 10 nm quasi-spherical nanocrystals.
= Y o
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Figure 6. (a) Image of 5 nm ZnS nanocrystals coordinated by HDA. (b) N
Nanorods produced from the aging of 5 nm-sized ZnS nanocrystals in
oleylamine at 6C°C. L [ T T
0 20 40 60 80 100 120 140

the different binding abilities of the two surfactants. By only 20/°
one cycle of size selection process, we obtained 10 nm-sized - 0 _
quasi-spherical ZnS nanocrystals with very narrow size distribu- F9ure 8. X-ray diffraction patterns of ZnS nanocrystals: 5 nm quasi-

h . f tion). We synthesized the 10 nm-sized spherical ZnS nanocrystals (blue curve), 10 nm quasi-spherical ZnS
tion (_Suppor_tlng Informati : y - nanocrystals (black curve), and ZnS nanorods (red curve). The black dots
quasi-spherical ZnS nanocrystals in order to compare their indicate wurtzite peaks.

optical properties with those of the quantum-sized 5 nm ZnS _

nanocrystals and nanorods, even though the nanocrystals werdraction of one phase and the other parameters are as follows:

of poor quality in terms of their particle size distribution.

Crystal Structures of ZnS Nanocrystals.Figure 8 shows W. = $(ZMV), B
powder X-ray diffraction (XRD) patterns of the ZnS nanocrys- P
tals. The XRD patterns revealed that the quasi-spherical > S@mv),
I

nanocrystals were composed of a mixture comprising a majority
zinc blende and a small amount of wurtzite. Moreover, the quasi-
spherical nanocrystals with different sizes showed different o o m 14 units per unit cell, the mass of the formula unit, and
proportions of these two crystal structures. It was difficult to o nit cell volume, respectiveRy.

differentiate the zinc blende crystal phase from the wurtzite by 1o refinement results showed that the 5 nm-sized ZnS
using the X-ray diffraction pattern only. Consequently, Rietveld 5,0 rystals comprised 79% zinc blende crystal structure and
refinement was carried out to determine the crystal structures. 5194 \yurtzite crystal structure, whereas 10 nm-sized quasi-
All of the X-ray data could be successfully refined with cubic
zinc blende and hexagonal wurtzite crystal structure models.
The weight fractions of each phase in the samples were derived
from the refinement results. The relation between the weight (20) Hill, R. J.; Howard, C. JJ. Appl. Crystallogr.1987, 20, 467.

where,S, Z, M, andV are the Rietveld scale factor, the number

spherical nanocrystals comprised 98% zinc blende crystal
structure and only 2% wurtzite crystal structure. Although the
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Figure 9. HRTEM images of (a) a ZnS nanorod, (b) bipod-shaped and ‘E E
I1-shaped ZnS nanocrystals, (c) a tripod-shaped ZnS nanocrystal, and (d)=
a peapod-like-structured ZnS nanorod. “Twin” means twinning defects; “SF”
means stacking faults, and “Wurtzite” means wurtzite faults.
T T 1 0
-, . . 250 300 350
phase transition temperature from zinc blende to wurtzite of Wavelength (nm) w“:ﬂ,ong,h(nm) 500

bulk ZnS is 1020°C, recent reports have shown that this phas_e Figure 10. (a) Comparison of UV spectra of 5 nm quasi-spherical

transition temperature may be lowered as nanocrystal siz€nanocrystals (blue line) with nanorods (red line). (b) Comparison of UV

decreased:21.22 A theoretical prediction and subsequent ex- spectra of 5 nm quasi-spherical nanocrystals with 10 nm quasi-spherical

perimental verification showed that zinc blende structure has nanocrystals (black line). (c) Photol_umlnescence excitation (PLE) spectra
. . . of ZnS nanocrystals. (d) Photoluminescence (PL) spectra of ZnS nano-

surface energy higher than that of the wurtzite structure in the crystals.

nanoscale regim&S9Consistent with this prediction, our results

show that the ratio of the two crystal phases depends onnanocrystals and the nanorods show an absorption band at 310
nanocrystal size. However, the ZnS nanorods produced by thenm which was blue-shifted from the bulk band-gap wavelength
secondary aging process were made up of 82.1% zinc blendesf 340 nm. The long absorption tail in the case of the 5 nm
crystal structure and 17.9% wurtzite crystal structure. From the spherical ZnS nanocrystals was due to scattering by the crystals.
crystallographic viewpoint, we speculate that the oriented According to the report by Wageh and co-workers on studies
attachment is fundamentally driven by the higher surface energy of the change of absorption spectra of ZnS nanocrystals by
of the 5 nm zinc blende nanocrystals. In other words, the high increasing the reflux time of the ZnS nanocrystal growth
surface energy of the 5 nm quasi-spherical nanocrystals with s |ytion7e the absorption band at 310 nm in our samples seems
predominantly zinc blende structure was relieved by the tq result from the defect sites and the peak from the excitonic
reduction in the surface-to-volume ratio afforded by the forma- {ransition seems to be hidden in the absorption band at 310 nm.
tion of the nanorods, and consequently the driving force for |, their study, they observed that the absorption band at 320
the phase transformation to wurtzite structure seemed {0 benm decreased and the intensity of the absorption peak at 295
significantly diminished in our synthesis condition. nm increased as the refluxing time increased. Consequently, they
Figure 9 shows HRTEM images of the ZnS nanorods. In these concluded that the crystallinity of ZnS nanocrystals increased
images, we observed several common features of orientedpy increasing the refluxing time, the band at 320 nm was caused
attachment growth. These include stacking faults, twinning py a large concentration of defect sites (vacancies and interstitial
defects, and wurtzite faults, which were formed by the (111) ions), and the absorption maximum at 295 nm is an excitonic
plane oriented coalescence of the initial ZnS nanocrystals leading band-to-band) transition in ZnS nanocrystals. Furthermore, the
to various branched nanostructures, such as bipods, tripods, an bsorption spectrum of 10 nm quasi-spherical ZnS nanocrystals
IT-shaped nanocrystals (Figure 9b,c). These planar defects wergy, Figure 10b also shows a blue-shifted absorption band from
further confirmed by the crystal structure simulation of the ne pulk band-gap of ZnS, but there is no significant absorption
HRTEM image (Supporting Information). Also, undulated pang difference between 5 nm ZnS nanocrystals and 10 nm ZnS

peapod-like structures, which are intermediate nanorod speciespanocrystals, although 10 nm-sized ZnS nanocrystals are in a
were observed to be formed by the oriented attachment of \yeak confinement size regime.

several quasi-spherical nanocrystals (Figure 9d). To find the position for the excitonic transition of our ZnS

Optical Properties of ZnS NanocrystalsFigure 10a shows — 5n4crystals, photoluminescence excitation (PLE) spectra were

the UV absorption spectra of the 5 nm-sized quasi-spherical oy aineq (Figure 10c). Using the wavelength of the maximum
ZnS nanocrystals and the nanorods. Both the quasi-sphericalPL intensity, the PLE spectrum was recorded in the-2280

(21) Chen, C.-C.; Herhold, A. B.; Johnson, C. S.; Alivisatos, AS€lencel997, nm .(PLE) ran.ge._ The recorded PLE spectra show that the
276, 398. maximum excitation occurs at around 290 nm for both 5 nm

(22) (a) Qadri, S. B.; Skelton, E. F.; Hsu, D.; Dinsmore, A. D.; Yang, J.; Gray, i i i

H F- Ratna, B. RPhys. Re. B 1099 60, 9091, (b) Zhang, H.. Gilbert quasi spherlcal napogrystals and 5 n_m_dlameter ZnS nanorc_)ds.
B.: Huang, F.; Banfield, J. Fature2003 424, 1025. (c) Zhang, H.; Huang, ~ ThiS maximum excitation wavelength is in good agreement with
F.; Gilbert, B.; Banfield, J. FJ. Phys. Chem. BR003 107, 13051. (d) ; ; ;
Gilbert, B.. Huang, F.. Zhang, H.; Waychtnas, G. A Banfield. Bdience the Wageh et al. previous result of the UV absorption maximum

2004 30, 651. peak at 295 nm.
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The Bohr diameter of bulk ZnS is about 5 nm, which is
comparable to the diameter of the quasi-spherical nanocrystals
and the nanorods, where moderate quantum confinement occurs.
Considering that the diameters of the 5 nm quasi-spherical
nanocrystals and the nanorods are nearly the same, the peak at
around 290 nm wavelength in the PLE spectrum of the nanorods
indicates that the quantum confinement of the nanorods mainly
depends on the radial direction of the rods rather than the

longitudinal directiorih-90.23 o ' '
Although many studies have been conducted on the optical 400 500
properties of ZnS nanocrystals, there have been few reports on Wavelength (nm)

the excitonic emission feature of ZnS nanocrystéfscin most
cases, trap-state emission at around 450 nm is a dominant79ure 11. Comparison of photoluminescence spectra of the 10 nm quasi-
L) . . spherical nanocrystals synthesized in the current report (black line), and
emission feature, regardless of the particle sizes or shapesi; nm quasi-spherical ZnS nanocrystals made by our group using zinc
Furthermore, size- and shape-dependent emission characteristicshloride and stoichiometric sulfur as reagents (red line).
caused by the quantum confinement effect have not been
reported for ZnS nanocrystals. As shown in Figure 10d, the gap between the band-edge and the shallow#taje impor-
photoluminescence (PL) spectra of the ZnS nanorods and the ant characteristic of the emission spectra of the spherical
nm-sized quasi-spherical nanocrystals showed peak maxima ananocrystals and the nanorods is the absence of a deep-trap
<400 nm, revealing a well-defined excitonic emission feature. emission at around 450 nm, which is known to arise from
The spectra were measured at the same excitation wavelengtisurface sulfur vacant sites.
of 290 nm. While fluorescence intensity changed somewhat with  Figure 11 compares the normalized photoluminescence
excitation wavelength, the fluorescence peak position remainedspectra of the 10 nm quasi-spherical nanocrystals and the 11
the same. These luminescence spectra show size- and shapewn-sized spherical nanocrystals synthesized by our group using
dependent quantum confinement effects. Photoluminescencezinc chloride as a precursétAs shown in this figure, the use
spectra of the 5 nm-sized quasi-spherical nanocrystals showedf a large excess of sulfur in the current synthesis made it
inhomogeneous broadened peaks at 335 and 350 nm and weaRossible to synthesize ZnS nanocrystals with few sulfur vacant
shoulders at 380 and 400 nm, respectively. These peaks can baites®25 Furthermore, the use of diethylzinc instead of zinc
assigned to a band-edge emission (335 nm), shallow-donor ancchloride seemed to induce the formation of ZnS nanocrystals
acceptor emission peaks (350 and 380 nm), and a deep-trapwithout chlorine-derived defect sité&Despite the large excess
emission peak (400 nm). This emission behavior is consistent of sulfur used in the synthesis, the molar ratios of zinc to sulfur
with a recent report on highly luminescent ZnS nanocrystals. in the quasi-spherical nanocrystals and the nanorods as deter-
To demonstrate the quantum confinement effect of the 5 nm- mined by X-ray photoelectron spectroscopy (XPS) were both
sized nanocrystals, a photoluminescence spectrum of the quasi1.0:1.1, demonstrating that stoichiometric zinc sulfide (ZnS) was
spherical 10 nm-sized nanocrystals was obtained. The PLproduced. Quantum yields were measured using 2-(4-biphen-
spectrum of the quasi-spherical 10 nm-sized ZnS nanocrystalsylyl)-5-phenyl-1,3,4-oxadiazole (PBD) as a standard, and the
showed band-edge emission at 345 nm, which is homogeneouslymeasured quantum yields of the quasi-spherical 5 nm-sized
broadened at longer wavelength due to defect-related surfacenanocrystals and the nanorods were 1.4 and 1.1%, respectively.
state (Figure 7b). Compared to the emission spectra of the 10These low quantum yields, despite the absence of deep-trap-
nm-sized ZnS nanocrystals, the band-edge emission spectra oftate emission, might be due to a nonradiative pathway via a
the quasi-spherical 5 nm-sized nanocrystals were blue-shiftedshallow-trap.
by approximately 110 meV. The emission spectrum of the ZnS
nanorods showed a band-edge emission feature at 345 nm¢Conclusion

shallow-donor and acceptor emission peaks at 360 and 380 nm, - guantum-sized ZnS nanocrystals with quasi-spherical and rod
and a weak deep-trap emission feature at 420 nm. The band-shapes were synthesized. The synthetic procedures offer several
edge emission of the ZnS nanorods (345 nm) was Stokes-shiftedmportant characteristics for ZnS nanocrystals. First, ZnS
by 107 meV compared to that of the 5 nm quasi-spherical nanorods with predominantly cubic zinc blende structure were
nanocrystals (335 nn%.However, the two shallow-trap state  gpained by the oriented attachment mechanism. Second, the
emissions showed different behaviors depending on the energyshapes of the nanocrystals can easily be altered by changing
gap between the shallow-trap and the band-edge. The shallow+ne experimental parameters. Third, the synthesized nanocrystals

trap emission of the ZnS nanorods (360 nm), which is close t0 expibited the quantum confinement effect and a well-defined
the band-edge emission, showed almost the same Stokes shiftycitonic emission feature.

of 98 meV as that of the 5 nm quasi-spherical nanocrystals (350

nm). In addition, the shallow-trap emission, which is far from Acknowledgment. This work was supported by the National
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