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Abstract: High-quality alloyed Zn,Cd;-,S nanocrystals have been synthesized at high temperature by the
reaction of a mixture of CdO- and ZnO-oleic acid complexes with sulfur in the noncoordinating solvent
octadecene system. A series of monodisperse wurtzite Zn,Cd;—S (x = 0.10, 0.25, 0.36, 0.53) nanocrystals
were obtained with corresponding particle radii of 4.0, 3.2, 2.9, and 2.4 nm, respectively. With the increase
of the Zn content, their photoluminescence (PL) spectra blue-shift systematically across the visible spectrum
from 474 to 391 nm, indicating the formation of the alloyed nanocrystals. The alloy structure is also supported
by the characteristic X-ray diffraction (XRD) patterns of these nanoalloys with different Zn mole fractions,
in which their diffraction peaks systematically shift to larger angles as the Zn content increases. The lattice
parameter ¢ measured from XRD patterns decreases linearly with the increase of Zn content. This trend
is consistent with Vegard’s law, which further confirms the formation of homogeneous nanoalloys. These
monodisperse wurtzite Zn,Cd;—xS nanoalloys possess superior optical properties with PL quantum yields
of 25—50%, especially the extremely narrow room-temperature emission spectral width (full width at half-
maximum, fwhm) of 14—18 nm. The obtained narrow spectral width stems from the uniform size and shape
distribution, the high composition homogeneity, and the relatively large particle radius, which is close to or
somewhat larger than the exciton Bohr radius. The process by which the initial structure with random spatial
composition fluctuations turns into an alloy (solid solution) with homogeneous composition is clearly

demonstrated by the temporal evolution of the PL spectra during the annealing progress.

Introduction

Colloidal semiconductor nanocrystals (quantum dots, QDs)
have generated great fundamental and technical interest due t&'@"0¢rys
novel size-tunable propertie$ and, consequently, in potential
applications as optoelectronic devices and biomedical®ags.

Among a variety of semiconductor materials, the binaryMI
nanocrystals have been most intensively investig&ted.In
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the last two decades, the main efforts have been focused on the
preparation of different color-emitting binary or cershell

tals with different particle size¥However, the tuning

of physical and chemical properties by changing the particle
size could cause problems in many applications, in particular,
if unstable small particles (less thaf2 nm) are used. Recent
advances have led to the exploration of tunable optical properties
by changing their constituent stoichiometries in mixed ternary
nanocrystald®25> Zhong and co-workers reported ternary
Zn,CdixSe alloyed nanocrystals with luminescent properties
comparable or even better than the best-reported binary CdSe-
based nanocrystat§.A color-tunable emission of the alloyed
Zn,Cdi—4Se nanocrystals can be achieved by changing the
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particle composition besides the particle size. In a continuing (ICP). All the measurements were performed on original QD samples
effort, we report here the synthesis of ternary wide band gap without any size sorting. A JEOL JEM3010 transmission electron
Zn,CdiS nanocrystals with superior optical properties. In Microscope (operated at an accelerating voltage of 300 kV) was used
particular, we demonstrate the narrowest room-temperatureto analyze size, size distribution, and structure of the aIqued nano-
emission spectral width (full width at half-maximum, fwhm) crystals deposited on the Formvar-carbon-coated copper grids. The size

of 14 nm in an ensemble measurement. which is comparable todistribution histograms for all the samples were obtained by analyzing
! P more than 200 crystallites in each sample. The XRD patterns for the

the homoge7r12(c))us line Width o_f single_ CdSe QDs at room final products were recorded by a Siemens D5005 X-ray powder
temperaturé’~*® The obtained high-quality Z&ch-,S nano- itfractometer. The compositions for the alloyed nanocrystals were
crystals will be very promising nanomaterials as biological labels measured by means of ICP using a standard HCI/kINigestion.

and short wavelength optoelectronic devices such as quantum

dot lasers, high-density optical recording devices, photovoltaic Results and Discussion

cells, and displays. The high-resolution TEM images of the obtained@d;—S
nanocrystals (Figure 1) reveal uniform spherical nanocrystals
with well-resolved lattice fringes, demonstrating the highly
crystalline nature of the nanocrystals. All the as-prepared
Zn,Cdy S nanocrystals of (a) 4.0, (b) 3.2, (c) 2.9, and (d) 2.4

Experimental Section

Chemicals. Oleic acid (tech, 90%), octadecene (tech, 90%), ZnO
(99.999%), and sulfur powder (99.98%) were purchased from Aldrich.
CdO (99.999%) was purchased from Strem. nm in radius with corresponding Zn mole fractions of 0.10, 0.25,

Synthesis of ZpCd,.S Nanocrystals.Most of the details of the (0,36, and 0.53, respectively, have narrow size distributions with
_syntheFic and characterizatiqn methods were similar to those reportedy relative standard deviation o=8% without any size sorting
in the literature.”"'* For a typical preparation of 26th-,S, sample 8 (reter 10 the size distribution histograms of samplesian the
8(1_0 ?ﬁ#ogl’)aor:;';t:ﬁ dOIOCSdgL()O 'ggstft'a%ffemi'{i rznnL()jv(v%r%Ofela?é d Supporting Information). Powder XRD of the nanocrystals

. ' i ' . reveals a wurtzite hexagonal structure of the ternary alloyed

to ~80 °C and degassed under a vacuum of 10 Pa for 20 min. The " ) 7
reaction vessel was then filled with argon, and its temperature was nanocrystals over all compositions (Figure 2). The characteristic

increased to 310C. After the CdO and ZnO precursors were dissolved XRD patterns of the alloyed nanocrystals exhibit seven promi-
completely to form a clear colorless solution, the temperature was nNent peaks, which are indexed to the scattering from (100),

lowered to 300C. A solution of sulfur (1.0 mL, 0.0032 g, 0.10 mmol)
in octadecene was swiftly injected into this hot solution within 1 s,
and the reaction mixture was kept at 3Wfor the subsequent growth

(002), (101), (102), (110), (103), and (112) planes, respectively.
Because of finite size-broadening effects, the XRD peak width
of the alloyed nanocrystals in Figure 2 increases gradually with

and annealing of the resulting nanocrystals. Aliquots of the sample were the decrease of particle size. The XRD peaks also shift to larger

taken at different time intervals, and UWis and PL spectra were

angles gradually as the Zn content increases. The continuous

recorded for each aliquot. These sampling aliquots were quenched in

cold chloroform (25°C) to terminate growth of the particles im- peak shifting of the nanocrystals may also rule out phase

mediately. For making different color-emitting nanocrystals, a series separatlon.or s_eparated nUCIegnon of CdS or ZnS nanocrystals.
of Zn,Cdi—xS samples b, c, and d with different compositions were As shown in Figure 3, the lattice parametemeasuredl from
also prepared under the same conditions as sample a, except for thdh€ XRD patterns of the Z€d,-,S nanocrystals exhibits a
different amounts of ZnO and S used (0.15, 0.20, and 0.30 mmol for nNearly linear relationship with the Zn compositions. A gradual
both ZnO and S, respectively). decrease in the lattice parameteris observed as the Zn
Characterization. UV —vis and PL spectra have been obtained on composition X) increases. This trend is consistent with Vegard’s
a Shimadzu UV-1601 spectrometer and a RF-5301 PC fluorometer, law and indicates a homogeneous alloy structéféVegard's
respectively. Room-temperature PL efficiencies were determined by law was applied to check the compositional homogeneity in
comparing the integrated emission of the QDs samples in chloroform pylk and diluted magnetic semiconductor nanocrystaf®.
Wlth_tha_lt of fluorescent dye, coumarin 54Q with |dent|<_:al optical density. The PL and absorption spectra of the,Zt: ,S alloyed
Excitation waveleng'ths Were_set_at the first ab_sorptlon peak of the QD nanocrystals with different zn mole fractions are shown in
samples. A quadratic refractive index correction was done when two Fiqure 4. It i bserved that th xcitonic absorption K
different solvents were used to dissolve QDs and dyedso, the gure 4. . S 0DbSe e, ,a € _e cito ,C a S,O ption pea
known efficiencies of the QDs in solution can be used to measure the gradually disappears with Increa.SIn.g particle size. .For each
efficiencies of other QDs by comparing their integrated emission or CZm-—xSe sample, the peak emission wavelength is Stokes-
PL intensity of solutions. Low concentration of solutions was used to Shifted slightly to longer wavelength than that of the excitonic
avoid obvious reabsorption. absorption peak, indicating that the band-edge emission domi-
The resulting nanocrystals in chloroform solution were precipitated Nnates the PL of the alloyed QDs without the deep-trap emission
with methanol and further isolated by centrifugation and decantation. at longer wavelengths, which is commonly encountered for
The excess amounts of both ligands and reaction precursors werebinary CdS QDs. The obtained alloyed QDs exhibit extremely
removed by extensive purification prior to the measurements using high- narrow spectral widths of 418 nm and high luminescent
resolution transmission electron microscopy (HRTEM), powder X-ray quantum yields of 2550% on ensemble measurements at room
diffraction (XRD), and inductively coupled plasma atomic emission temperature. Typical PL spectral widths of QDs are generally
around 2740 nm. Peng reported an ensemble of CdSe
nanocrystals with fwhm of the PL peak as narrow as 23'hm.
To the best of our knowledge, the observed 14 nm spectral width
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Figure 1. TEM images of the ZgCd; xS nanocrystals: (A) HRTEM image of sample a,04#Cd.90S; (B) TEM overview images of sample a, -
Cdb.ocS; (C) sample b, ZgpsCdy 75S; (D) sample ¢, ZszeéCo.64S; and (E) sample d, 28:Cdy 47S.
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20 Figure 3. A linear relationship of the lattice parameteof the ZnCd, S
Figure 2. Powder XRD patterns of the Z8d;—«S samplesad. The line nanoalloys as a function of Zn mole fractions, which is measured from
XRD spectra correspond to bulk hexagonal CdS (bottom) and bulk XRD patterns (square data points) and calculated from Vegard’s law (solid
hexagonal ZnS (top), respectively. line).

should be the narrowest one for QDs ensembles at room ) _
temperature. This spectral width is similar to the homogeneous l0se to or somewhat larger than the Bohr radius. For semi-
line width observed in single dot spectroscopy by phonon- conductor nanocrystals, inhomogeneous broadening arises, first,
dephasing process&2° which eliminates the effect of inho-  from the finite size distributios®37 It was known that in the
mogeneous broadening due to size fluctuations at room tem-Weak QCE regime, wher&;s (ratio of particle radius and
perature. It is clear that the inhomogeneous spectral broadening®xciton Bohr radius) is larger than 1, the finite size distribution
is effectively suppressed in these alloyed nanocrystals en-translates into a relatively small variation in the band gap energy
sembles. and, consequently, a narrow emission spectral width instead of
Semiconductor nanocrystals with a dot radius significantly @ significantly large variation in the strong QCE regime, where
smaller than the exciton Bohr radius show strong size-dependentRs is far less than 223" Typical exciton Bohr radii range from
optical properties due to the strong quantum confinement effect . . .
(QCE) of the charge carriers in all three dimensions. A weak (36) Gaponenko, S. VOptical Properties of Semiconductor Nanocrystals

N . e Cambridge University Press: Cambridge, 1998.
guantum confinement effect occurs when the particle radius is (37) Krishna, M. V. R.; Friesner, R. Al. Chem. Phys1991, 95, 8309.
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(d) (¢) (b) (a)

Emission fwhm
a474nm  14nm
b 442nm  16nm
c417nm  17nm
d391nm  18nm
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Figure 4. Ensemble UV-vis (left) and PL spectra (righfex = 300 nm) for the ZgCd; xS samples ad.

2.2 nm (ZnS), 3.0 nm (CdS), 5.6 nm (CdSe), to 7.5 nm (CdTe) samples ad (wavelength difference of 83 nm) mainly arises
in 11—VI semiconductors. For similar size range, the QCE is from the compositional variation instead of size effect. As shown
more pronounced in materials with smaller band gap energy in Figure 4, the excitonic absorption peaks disappear gradually
and larger Bohr radius (or less pronounced in materials with as particle size increases. The larges 88 90S nanocrystals
larger band gap energy and smaller Bohr rad#3he mostly (sample a) exhibit almost the same features of absorption spectra
investigated CdSe nanocrystals with particle radius close to orshape as bulk crystals (no observable excitonic absorption),
somewhat larger than the Bohr radius of 5.6 nm are not readily indicating that the QCE is extremely weak. When the particle
prepared. With the use of wide band gap ZnS and CdS with size is further approached to the corresponding Bohr radius,
small Bohr radii, the high-quality ternary 4bd;—S nanocrys- weak excitonic absorption peaks are observed as shown in the
tals of 2.4-4.0 nm in radius in the weak QCE regime have UV —vis spectra, which indicates the existence of a limited QCE
been successfully prepared, whereas this size range of CdSéut no obvious contribution to inhomogeneous spectral broaden-
still corresponds to the strong confinement regime. The obtaineding as discussed above.
ZnCdi—xS nanocrystals are in the weak QCE regime because The most direct and immediate evidence for the alloying
the particle sizes of 4.0, 3.2, 2.9, and 2.4 nm in radius are closeprocess can be probed from the continuous shift of the
to or larger than the corresponding Bohr radii of samplesd a  absorption and PL spectra of the obtained nanocrystals with
(Bohr radii of (a) Zm.1dCdo.ocS, (b) Zrp.2sCh.75S, (C) Zv.3e different compositions. With the increase of the Zn mole
Cdb.esS, and (d) ZpsLCdo.47S are 2.92, 2.80, 2.71, and 2.58 nm,  fractions from 0.10 to 0.53, a systematic blue-shift was observed
respectively). Thus, inhomogeneous broadening due to sizein Figure 4 for both the first excitonic absorption onsets and
fluctuations is tremendously suppressed, which maybe the mainthe band-edge emission peaks (from 474, 442, and 417 to 391
reason for the extremely narrow spectral width of the alloyed nm) of the resulting ternary nanocrystals. This significant blue-
nanocrystals. The fabrication of highly luminescent alloy shift provides clear evidence for the formation of the alloyed
nanocrystals with the radii around the corresponding Bohr radius zn,Cd;—,S nanocrystals via intermixing the wider band gap ZnS
bears the potential to significantly improve the performance of (3.7 eV) with the narrower band gap CdS (2.5 eV), rather than
QD-based optoelectronic devices, which is mainly limited by forming separate CdS, ZnS, or cerghell-structured nano-
the inhomogeneous broadening in the optical properties becauserystals. If CdS or ZnS nucleates separately, the corresponding
of the size inhomogeneity. PL and absorption peaks of CdS and ZnS nanocrystals should
The size effect on the band gap energies of the obtainedappear. The sole PL and absorption peak of the resulting
alloyed QDs is further discussed here. It should be pointed out nanocrystals in our reaction system rule out the separate
that the particle radii of samples-a decrease from 4.0 to 2.4 nucleation, which is in agreement with the results of TEM and
nm monotonically. The particle radii of the obtained alloyed XRD measurements. If a corshell structure is formed, such
nanocrystals, which are close to or somewhat larger than thea significant shift of the optical spectra cannot be produced
Bohr radius, correspond to the weak QCE regime. As reported compared with those of the core materials. The alloy structure
by Weller et al., the band gap energy difference between CdSis also proved by the finding that the identical emission
particles with the radii of 4.8 and 2.8 nm is very small (0.08 wavelengths of the obtained &d;—4S nanocrystals cannot be
eV or 12 nm from 476 to 462 nnif. The decrease in particle  obtained by the binary CdS or ZnS nanocrystals with the same
radius (2 nm) has limited contribution to the increase of the particle size as the Z60,—xS nanocrystals. The relationship
band gap energy because of the weak QCE. As stated abovepetween the Zn compositions and the peak emission wavelength
the relatively small decrease in particle radius (1.6 nm) from of the alloyed nanocrystals is shown in Figure 5. The data of
samples ad cannot lead to an obvious variation in the band bulk alloy are also plotted against the Zn mole fraction for
gap energy. Thus, the significant band gap energy increase fromcomparisor?® A nearly linear relationship or a small bowing
parameter is observed in the two systems. In addition, the

(38) Vossmeyer, T.; Katsikas, L.; Giersig, M.; Popvic, I. G.; Diesner, K,;
Chemseddine, A.; Eychmuller, A.; Weller, H. Phys. Chem1994 98,
7665. (39) Hill, R. J. Phys. C: Solid State Phy$974 7, 521.
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Figure 5. Dependence of the peak emission wavelength of the alloyed )
nanocrystals (solid line) and bulk Zbdi«S (dashed line) on their Figure 6. Temporal evolution of the PL spectra of fCdb.90S nano-
compositions. crystals (sample a) grown at 30C in a mixture of 0.5 mL of oleic acid,

. . . . . , 0.05 mmol CdO, 0.10 mmol ZnO, and 4 mL of ODE.
experimental lattice parameteis consistent with Vegard's law,

indicating the homogeneous distribution of ZnS and CdS in the {jon, temperature, the internal atom diffusion is not efficient and

alloyed nanocrystals. _ . thus results in an compositional inhomogeneity of the nano-
The question that naturally comes is why the obtained ,5icle system, which may have a major contribution to the
ZnCdyS composites are a homogeneous alloy (solid solution) \yige spectral width. It is also observed in Figure 6 that the
rather than a structure with a concentration gradient. Our quantum yield and PL profile (peak shape and position) of the
research results indicate that the growth rate of CdS is 'argeralloyed ZnCdi_,S QDs can be fixed for 3 h. That is, the final
than that for ZnS in the investigated reaction system. Without gmission wavelength is predetermined by the composition of
considering atom diffusion, theoretically the CdS concentration i« reactants. and the influence from the Oswald ripening can
should be higher in the interior than that in the exterior of the |, neglected. These properties make this method a very

composite QDs and vice versa for ZnS, whereas the intemal ,producible and controllable method to obtain high-quality QDs
atom diffusion at the high-preparation temperature can convert,,;ii specified emission wavelengths.

the original structure with spatial composition fluctuations into In summary, we have successfully synthesized high-quality

a homogeneous alloy. This is clearly demgnstrated in the 5)10yed ZRCdi_,S nanocrystals with high luminescent quantum
previously reported alloyed 28¢hSe systent: yields and extremely narrow emission spectral widths of 14

As shown in Figure 6, this aII(_)ying process is clearly 18 nm. This highly narrow spectral width mainly arises from
demonstrated by the temporal evolution of the PL spectra during ya \niform particle size and shape, the high homogeneity in

the high-te_mperature annealing progress, wher_e the initial broad'composition, and the relatively larges corresponding to the
asymmetric band-edge PL peak (corresponding to a structure

; ) o - weak QCE regime.
with random spatial composition fluctuations) gradually turns
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